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Abstract
We continue with the analysis of finite temperature corrections to the Tachyon mass in intersecting
branes which was initiated in [1]. In this paper we extend the computation to the case of intersecting D3
branes by considering a setup of two intersecting branes in flat-space background. A holographic model
dual to BCS superconductor consisting of intersecting D8 branes in D4 brane background was proposed
in [2]. The background considered here is a simplified configuration of this dual model. We compute the
one-loop Tachyon amplitude in the Yang-Mills approximation and show that the result is finite. Analyzing
the amplitudes further we numerically compute the transition temperature at which the Tachyon becomes
massless. The analytic expressions for the one-loop amplitudes obtained here reduce to those for intersecting
D1 branes obtained in [1] as well as those for intersecting D2 branes.
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1 Introduction
Applications of AdS/CFT to various condensed matter systems and QCD at strong coupling have been
an active field of research for the past few years. Specific areas where these holographic techniques have
been applied with varied degree of success are in the study of of quantum liquids at strong coupling [3]-[10],
including studies of phase transitions such as in superconductors [11]-[13].
A holographic model for a BCS superconductor was proposed in [2]. The idea behind the proposal was
to apply the holographic techniques for studying superconductivity in a top-down approach. The proposal
is based on the holographic QCD model constructed by Sakai and Sugimoto [14]. This is a variant of
the model proposed by Witten [15] which includes fundamental fermions. Various interesting aspects of
holographic QCD models have been explored by several authors. For a partial list of references see [16]-
[28]. The Sakai-Sugimoto model consists of flavor D8 branes in the D4 brane background. The relevant
(3 + 1)D large N QCD resides on the D4 brane which is compactified on S1. The D8 branes intersect in
the bulk at an angle. In [2] two such D8 branes were used to model the dual holographic superconductor.
Intersecting D-branes usually have instabilities manifesting as tachyons in the the spectrum. Such tachyonic
instability that arises in the above case of intersecting D8 branes has been proposed to be the dual of the
Cooper-pairing instability in the 3 + 1 dimensional theory in [2]. In [1], we have demonstrated a thermal
stabilization in a simplified set-up consisting of two D1-branes intersecting at one non-zero angle. This
is done by computing a finite temperature mass correction to the tree-level tachyon using the Yang-Mills
approximation. This approximation in the case of Dp-branes gives a renormalizable theory only for p ≤ 3.
In this paper we extend the calculations initiated in [1] to the case of intersecting D3 branes. The setup
consists of two D3 branes intersecting with one non-zero angle θ in flat space. Similar to such an analogous
setup for intersecting D1 branes the spectrum of open strings with the two ends on each brane consists of
a Tachyon as the lowest mode. The mass2 for the Tachyon is given by −θ/(2πα′) [29, 30, 31, 32]. This was
rederived in the Yang-Mills approximation (α
′ → 0, θ → 0), with θ/(2πα′) = q fixed in [34]-[36], wherein
the end point of Tachyon condensation leading to smoothing out of the brane configuration was studied.
Further studies on tachyon condensation in intersecting branes include [37, 38, 39].
The purpose of the present computation is to analyze the finite temperature corrections to the Tachyon
mass which we obtain by computing the 2-point amplitude. Since the finite temperature corrections are
positive in sign, there exists a critical temperature Tc at which the Tachyon mass is exactly zero. We shall
compute this temperature in the limits (as mentioned above) where the Yang-Mills approximation is valid.
The calculations in this paper follow along the lines of [1]. The intersecting brane configuration consists
of giving a non-zero expectation value to one of the scalars namely Φ31 which is of the form qx. Here x
denotes a coordinate along the plane of intersection. Due to the linear (in x) nature of the background and
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in the temporal gauge (Aa0 = 0), the wave-functions that diagonalize the quadratic part of the Lagrangian
consist of Hermite Polynomials instead of exponential plane-waves which we have in the usual case. The
corresponding momentum modes are discrete and are denoted by n. The wave functions have been derived
in [1] for the D1 branes. These functions have been adapted for the present case of D3 branes with some
modifications. The additional complication in the present case is the presence of extra momentum degrees
of freedom coming from the directions transverse to the plane of intersection. There are two such extra
momentum directions relative to the D1 brane case. We call these momentum modes k = (k2, k3).
The supersymmetric Yang-Mills theory on the D3 brane is finite. Although supersymmetry is completely
broken for the intersecting branes, the ultraviolet property of the theory on the intersecting branes is
unaffected. The theory is still finite in the ultraviolet. We shall show analytically the ultraviolet finiteness
for all the one-loop two-point amplitudes computed in the paper. Specifically we show that for large n,
independent of the value of k, the contributions from the bosons and fermions in the loop cancel. Similar
cancellation has also been shown for the large k for the two-point amplitude for the “massless” fields.
The one-loop amplitude for the Tachyon involves fields propagating in the loop that are massless at tree-
level. In order to deal with the resulting infrared divergences arising out of these massless fields we first find
the one-loop correction to the masses for these fields that are massless at tree-level at finite temperature.
These masses are then used to modify the propagators for the “massless” fields. The resulting one-loop
Tachyon amplitude is thus infrared finite. The analytic expressions obtained here reduce to those for the
intersecting D1 and D2 branes once the extra transverse momenta/momentum is set to zero. The final
evaluation of the temperature corrected masses for the “massless” as well as the Tachyon field could not
however be performed analytically. We had to resort to numerics due to the complicated nature of the
expressions involved.
This paper is organized as follows. In the following section (2) we analyze the quadratic part of the Yang-
Mills Lagrangian with the background Φ31 = qx. We derive the various wave-functions both for the bosons
and fermions and then write out the the Lagrangian in terms of momentum modes. The propagators for the
various fields can then be read out. In section (3) we compute the one-loop two-point Tachyon amplitude. In
the subsection (3.1.1) we analytically show the finiteness of the Tachyon amplitude for large n (ultraviolet)
and for all values of the momenta k. The one loop amplitude for the massless fields namely Φ3I(I = 1, .., 6)
and A3µ(µ = 1, 2, 3) have been worked out in section (4). These have been done in subsections (4.1), (4.2)
for fields Φ31 and Φ
3
2 respectively. The contributions from the bosons and the fermions for fields A
3
µ have
been worked out separately in subsections (4.3.1), (4.3.2), (4.3.3) and (4.3.4). In section (5) we show the
numerical results for the computation of all the two point amplitudes including transition temperature at
which the Tachyon becomes massless. We conclude the paper with some outlook in section (6). Various
details have been worked out in the appendices. We summarize our notations in appendix A. We list the
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various parameters, variables used in the paper in Table 1 of this appendix. We review the dimensional
reduction of D = 10 super Yang-Mills to D = 4 in appendix B. The propagators and vertices for the
Tachyon and various massless fields have been worked out in appendices C and E respectively. In appendix
D we give details of the one-loop tachyon amplitude incorporating the corrected propagators for the fields
with tree-level mass zero.
2 Tree-level spectrum
2.1 Bosons
In the Yang-Mills approximation the intersecting brane configuration with one angle is obtained by putting
the background value of Φ31 equal to qx. In this background we first write down the quadratic part of the
bosonic action in the temporal gauge Aa0 = 0. Various fields decouple at this quadratic level. We first write
down below the various decoupled parts of the resulting from the action (B.183),
L(A2µ,Φ11) = −
1
4
(∂µA
2
ν − ∂νA2µ)2 −
1
2
(∂µΦ
1
1)
2 − 1
2
q2x2A2µA
2µ − qA2xΦ11 + qx(∂µΦ11)A2µ (2.1)
L(A1µ,Φ12) = −
1
4
(∂µA
1
ν − ∂νA1µ)2 −
1
2
(∂µΦ
2
1)
2 − 1
2
q2x2A1µA
1µ + qA1xΦ
2
1 − qx(∂µΦ21)A1µ (2.2)
L(A3µ,ΦI , Φ˜J) = −
1
4
(∂µA
3
ν − ∂νA3µ)2 −
1
2
(∂µΦ
a
I )
2 − 1
2
(∂µΦ
3
1)
2 − 1
2
(∂µΦ˜
b
J)
2 − 1
2
q2x2(ΦaI )
2 − 1
2
q2x2(Φ˜bJ)
2
(I = 2, 3; a = 1, 2) (J = 1, 2, 3; b = 1, 2, 3) (2.3)
Now defining
ξ =


Φ11
A21
A22
A23

 ; ζ =
(
Φ11
A21
)
; ξ
′
=


Φ21
A11
A12
A13

 ; ζ ′ =
(
Φ21
A11
)
(2.4)
the quadratic bosonic part of the action can be written as,
Sb =
∫
d4z
[
1
2
ξTOBξ + 1
2
ξ
′TO′Bξ
′
+ L(A3µ,ΦI , Φ˜J)
]
(2.5)
with
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OB =
( O11B O12B
O21B O22B
)
(2.6)
where
O11B =
( −∂20 + ∂21 + ∂22 + ∂23 −2q − qx∂1
−q + qx∂1 −∂20 + ∂22 + ∂23 − q2x2
)
O12B = O21B =
(
qx∂2 −∂2∂1
qx∂3 −∂3∂1
)
(2.7)
O22B =
( −∂20 + ∂21 + ∂23 − q2x2 −∂2∂3
−∂2∂3 −∂20 + ∂21 + ∂22 − q2x2
)
(2.8)
O′B can be obtained from OB by replacing q in OB by −q. We have identified z1 = x. In the following
we shall identify z0 = −iτ and (z2, z3) ≡ y.
The eigenfunctions of O11B have bee worked out in [1] these are
ζn(x) =
(
φn(x)
−An(x)
)
ζ˜n(x) =
(
φ˜n(x)
−A˜n(x)
)
(2.9)
where
An(x) = N (n)e−qx2/2 (Hn(√qx) + 2nHn−2(√qx)) (2.10)
φn(x) = N (n)e−qx2/2 (Hn(√qx)− 2nHn−2(√qx)) (2.11)
and
A˜n(x) = N˜ (n)e−qx2/2 (Hn(√qx)− 2(n − 1)Hn−2(√qx)) (2.12)
φ˜n(x) = N˜ (n)e−qx2/2 (Hn(√qx) + 2(n − 1)Hn−2(√qx)) (2.13)
The normalizations are given byN (n) = 1/
√√
π2n(4n2 − 2n)(n− 2)! and N˜ (n) = 1/
√√
π2n(4n− 2)(n − 1)!.
The eigenvalues corresponding to ζn(x) are (2n − 1)q and those corresponding to ζ˜n(x) are all zero. Thus
the spectrum in the latter case is completely degenerate. In the non-zero eigenvalue sector we do not have
normalizable eigenfunctions corresponding to n = 1. However unlike this sector, in the zero eigenvalue
sector we have normalizable eigenfunction for n = 1, which is simply H1(
√
qx) but there is no normalizable
eigenfunctions for n = 0 in this sector.
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ζn(x) and ζ˜n(x) satisfies the orthogonality conditions
√
q
∫
dxζ†n(x)ζn′ (x) = δn,n′
√
q
∫
dxζ˜†n(x)ζ˜n′ (x) = δn,n′ (2.14)
They also satisfy,
√
q
∫
dxζ†n(x)ζ˜n′ (x) = 0 for all n and n
′
. (2.15)
Similarly the eigenfunctions of the operator O′B are simply ζ
′
= (φn(x), An(x)), and ζ˜
′
= (φ˜n(x), A˜n(x))
with eigenvalues (2n− 1)q and 0 respectively. There is thus a two fold degeneracy for this spectrum of the
theory.
We now write down the mode expansion for ζ
ζ(τ, x,y) = N1/2
∫
d2k
(2π
√
q)2
∑
m,n
[
C(m,n,k)ζn(x) + A˜
2
1(m,n,k)ζ˜n(x)
]
e−i(ωmτ+k.y) (2.16)
and similarly for ζ
′
ζ
′
(τ, x,y) = N1/2
∫
d2k
(2π
√
q)2
∑
m,n
[
C
′
(m,n,k)ζ
′
n(x) + A˜
1
1(m,n,k)ζ˜
′
n(x)
]
e−i(ωmτ+k.y) (2.17)
The operator O22B suggests the following mode expansions
A22,3 = N
1/2
∫
d2k
(2π
√
q)2
∑
m,n
A˜22,3(m,n,k)N
′
(n)e−qx
2/2Hn(
√
qx)e−i(ωmτ+k.y) (2.18)
The normalization N ′(n) = 1/
√√
π2nn!. N ′(n)e−qx2/2Hn(√qx) are eigenfunctions of the operator
(∂2x − q2x2) with corresponding eigenvalues are γn = (2n+ 1)q.
Note that
O21B ζn = 0 and O21B ζ˜n = 2(2n − 1)N˜ (n)
√
qe−qx
2/2Hn−1(
√
qx)
(
∂2
∂3
)
(2.19)
Thus,
O21B ζ = N1/2
∫
d2k
(2π
√
q)2
∑
m,n
A˜21(m,n,k)
[
2(2n − 1)N˜ (n)√qe−qx2/2Hn−1(√qx)
(
∂2
∂3
)
e−i(ωmτ+k.y)
]
(2.20)
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To show the effect of the above let us consider one of the cross-terms coming from the first term in the
action (2.5),
1
qg2
∫
d2k
(2π
√
q)2
∑
m,n
A˜21(m,n,k)
[
(−ik2)
√
(2n− 1)q
]
A˜22(−m,n− 1,−k) (2.21)
with appropriate change of limits of n we can write (2.21) as
1
qg2
∫
d2k
(2π
√
q)2
∑
m,n
(−iA˜21(m,n+ 1,k) [(k2)(
√
γn)] A˜
2
2(−m,n,−k) (2.22)
Redefining −iA˜21(m,n + 1,k) ≡ A˜21(m,n,k) we can now write down the full action as
− 1
2qg2
∫
d2k
(2π
√
q)2
∞,∞∑
m=−∞,n=0
[
A˜2i (m,n,k)
(
k2δij − kikj) A˜2j (−m,n,−k) + |C(m,n,k)|2 (ω2m + λn + k2)]
(2.23)
where (i, j = 1, 2, 3), k2 = (ω2m + γn + k
2), C(−m,n,−k) = C∗(m,n,k) and kx = √γn
Using the same analysis as above the second term of the action (2.5) in terms of momentum modes is,
− 1
2qg2
∫
d2k
(2π
√
q)2
∞,∞∑
m=−∞,n=0
[
A˜1i (m,n,k)
(
k2δij − kikj) A˜1j (−m,n,−k) + |C ′(m,n,k)|2 (ω2m + λn + k2)]
(2.24)
where (i, j = 1, 2, 3), k2 = (ω2m + γn + k
2), C
′
(−m,n,−k) = C ′∗(m,n,k) and kx = √γn.
L(A3µ,ΦI , Φ˜J) given by (2.3) yields decoupled eigenvalue equations for the scalar fields. The scalar fields
with gauge components (a, b = 1, 2) can be expanded using the basis of harmonic oscillator wavefunctions,
N ′(n)e−qx2/2Hn(√qx). Thus for example,
Φ1,2I = N
1/2
∫
d2k
(2π
√
q)2
∑
m,n
Φ1,2I (m,n,k)N
′
(n)e−qx
2/2Hn(
√
qx)e−i(ωmτ+k.y) (2.25)
The scalar fields with the gauge component (a, b = 3) and the gauge fields A3i can be expanded using
the basis for plane wave as
Φ3J = N
1/2
∫
dkxd
2k
(2π
√
q)3
∑
m
Φ3I(m,k)e
−i(ωmτ+kxx+k.y) (J = 1, 2, 3) (2.26)
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A3i = N
1/2
∫
dkxd
2k
(2π
√
q)3
∑
m
A3i (m,k)e
−i(ωmτ+kxx+k.y) (i = 1, 2, 3) (2.27)
We can thus write down the third term in the action (2.5) in terms of the momentum modes as,
− 1
2qg2
∫
d2k
(2π
√
q)2
∑
m,n
[
|ΦaI (m,n,k)|2
(
ω2m + γn + k
2
)
+ |Φ˜bJ(m,n,k)|2
(
ω2m + γn + k
2
)]
(2.28)
− 1
2qg2
∫
dkxd
2k
(2π
√
q)3
∑
m
[
|Φ3J(m,k)|2k2 + |Φ˜3J(m,k)|2k2 + A˜3i (m,k)
(
k2δij − kikj) A˜3j (−m,−k)]
(2.29)
Here (I = 2, 3; a = 1, 2), (J = 1, 2, 3; b = 1, 2, ), (i, j = 1, 2, 3) and k2 = (ω2m + k
2
x + k
2).
2.2 Fermions
The quadratic terms involving fermions in the action (B.184) are given by
L′ = − i
2
[
λ¯akγ
µ∂µλ
a
k +Φ
3
1
(
λ¯1kα
1
klλ
2
l − λ¯2kα1klλ1l
)]
(2.30)
The terms with gauge indices 1 and 2 decouple into four different sets. Since α1 is off-diagonal these
sets are (λ11, λ
2
4), (λ
1
2, λ
2
3), (λ
1
3, λ
2
2), (λ
1
4, λ
2
1).
Defining,
χ1 =
(
λ11
λ24
)
χ2 =
(
λ12
λ23
)
χ3 =
(
λ13
λ22
)
χ4 =
(
λ14
λ21
)
(2.31)
The Lagrangian (2.30) can thus be written as
L′ = − i
2
[
χ¯1OFχ1 + χ¯2OFχ2 + χ¯3O˜Fχ3 + χ¯4O˜Fχ4 + λ¯3kγµ∂µλ3k
]
(2.32)
where the operators OF and O˜F are given by,
OF =
(
γµ∂µ qx
qx γµ∂µ
)
O˜F =
(
γµ∂µ −qx
−qx γµ∂µ
)
(2.33)
We transform χi → Uχi where U =
(
1 0
0 γ1
)
. The operators OF and O˜F thus transform into
OF → γi∂i ⊗ I2 + γ1 ⊗OxF with OxF =
(
∂x qx
−qx −∂x
)
(2.34)
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O˜F → γi∂i ⊗ I2 + γ1 ⊗ O˜xF with O˜xF =
(
∂x −qx
qx −∂x
)
(2.35)
where i = 0, 2, 3. The eigenfunctions of the matrix operators have been obtained in [1]. Adopting the
same notation as in [1] the eigenfunctions of OxF and O˜xF are
(
Ln(x)
Rn(x)
)
and
(
Ln(x)
−Rn(x)
)
(2.36)
respectively. Here,
Ln(x) = NF e−
qx2
2
(
− i√
2n
Hn(
√
qx) +Hn−1(
√
qx)
)
Rn(x) = NF e−
qx2
2
(
− i√
2n
Hn(
√
qx)−Hn−1(√qx)
)
.
(2.37)
Hn(
√
qx) are the Hermite Polynomials. The normalization NF =
√√
π2n+1(n− 1)!. The corresponding
eigenvalues are −i
√
λ′n = −i
√
2nq. We now list some important relations satisfied by the eigenfunctions
√
q
∫
dx ψ†n(x)ψn′ (x) =
√
q
∫
dx
(
L∗n(x)Ln′ (x) +R
∗
n(x)Rn′ (x)
)
= δn,n′ . (2.38)
√
q
∫
dx L∗n(x)Ln′ (x) =
√
q
∫
dx R∗n(x)Rn′ (x) =
1
2
δn,n′ (2.39)
√
q
∫
dx ψTn (x)ψn′ (x) =
√
q
∫
dx
(
Ln(x)Ln′ (x) +Rn(x)Rn′ (x)
)
= 0 (2.40)
√
q
∫
dx ψ†n(x)ψ
∗
n′
(x) =
√
q
∫
dx
(
L∗n(x)L
∗
n′
(x) +R∗n(x)R
∗
n′
(x)
)
= 0 (2.41)
We can now write down the mode expansions for the fermions
χi(τ, x,y) = N
3/4
∑
n,m
∫
d2k
(2π
√
q)2
[(
θi(ω, n,k)Ln(x)
γ1θi(ω, n,k)Rn(x)
)
e−i(ωτ+k.y) +
(
θ∗i (ω, n,k)L
∗
n(x)
γ1θ∗i (ω, n,k)R
∗
n(x)
)
ei(ωτ+k.y)
]
(2.42)
where θi are four component fermions. Further
λ3l (τ, x,y) = N
3/4
∑
n,m
∫
dkxd
2k
(2π
√
q)3
λ3l (ω, kx,k)e
−i(ωmτ+kxx+k.y) (2.43)
The quadratic action in terms of the momentum modes is then
10
Sf =
N1/2
qg2

∑
i,m,n
∫
d2k
(2π
√
q)2
θ¯i(m,n,k)i /P+θi(m,n,k) +
1
2
∑
l,m
∫
dkxd
2k
(2π
√
q)3
λ¯3l (m,kx,k)i /K+λ
3
l (m,kx,k)

(2.44)
where /P+ = iωmγ
0 +
√
λ′nγ
1 + k2γ
2 + k3γ
3 and /K+ = iωmγ
0 + kxγ
1 + k2γ
2 + k3γ
3.
3 One-loop two-point tachyon amplitude
In this section we compute the two-point amplitude for the C(m
′′
, n
′′
,k
′′
) fields. The required propagators
and the vertices are worked out in the appendix (C). Using the four point vertices we first write down the
contributions from bosons in the loop involving four-point and three-point vertices separately as shown in
Figures 1 and 2. This is given by
PSfrag replacements
CC
CCC
C CC
CCC
C
C/C
′
C˜/C˜
′ (Φ1I , Φ˜
1
I , A
1
i )/(Φ
2
I , Φ˜
2
I , A
2
i )
Φ3I , Φ˜
3
I , A
3
i
A31 Φ
3
1
V1/V
′
1 V˜1/V˜
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Figure 1: Feynman diagrams contributing to Σ1C−C . The momenta on the external C fields are (ωm′′ , k
′′
x,k
′′
)
and (ωm˜′′ , k˜
′′
x , k˜
′′
). In the above diagrams i = 2, 3.
Σ1C−C =
1
2
N
∑
m
∫
d2k
(2π
√
q)2
[∑
n
{
(F1 + F
′
1)(n, n, n
′′
, n˜
′′
)
ω2m + λn + |k|2
+ F˜1(n, n, n
′′
, n˜
′′
)P 2211 + F˜
′
1(n, n, n
′′
, n˜
′′
)P 1111
+ F 12 (n, n, n
′′
, n˜
′′
)
(
5
ω2m + γn + |k|2
+ P 1122 + P
11
33
)
+ F 22 (n, n, n
′′
, n˜
′′
)
(
5
ω2m + γn + |k|2
+ P 2222 + P
22
33
)}
11
+∫
dl
(2π
√
q)
{
F 32 (l,−l, n
′′
, n˜
′′
)
(
5
ω2m + l
2 + |k|2 + P
33
22 + P
33
33
)
+
F
′
3(l,−l, n
′′
, n˜
′′
)
ω2m + l
2 + |k|2 + F3(l,−l, n
′′
, n˜
′′
)P 3311
}]
× δm′′+m˜′′ (2π)2δ2(k
′′
+ k˜
′′
) (3.45)
where the propagators P abij are given by (C.192) and (C.193). Similarly the three point vertices with
bosons give the following contribution
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Figure 2: Feynman diagrams contributing to Σ2C−C . The momenta on the external C fields are (ωm′′ , k
′′
x,k
′′
)
and (ωm˜′′ , k˜
′′
x , k˜
′′
).
Σ2C−C = −
1
2
qN
∑
m,n
∫
dl
(2π
√
q)
d2k
(2π
√
q)2

 3∑
i,j=1
F i4(n, l, n
′′
)P 33ij F
j
4 (n,−l, n˜
′′
)
ω2m + λn + |k|2
+
F5(n, l, n
′′
)F5(n,−l, n˜′′)
(ω2m + γn + |k|2)(ω2m + l2 + |k|2)
+
F 15 (n, l, n
′′
)F 15 (n,−l, n˜
′′
)
(ω2m + λn + |k|2)(ω2m + l2 + |k|2)
+
3∑
i,j=1
F˜ i5(n, l, n
′′
)P 22ij F˜
j
5 (n,−l, n˜
′′
)
ω2m + l
2 + |k|2
+
3∑
i,i′ ,j,j′=1
F˜ ij5 (n, l, n
′′
)P 11
ii′
P 33
jj′
F˜ i
′
j
′
5 (n,−l, n˜
′′
)

 δm′′+m˜′′ (2π)2δ2(k′′ + k˜′′) (3.46)
We are interested in computing the two point amplitude for zero external momenta. In this case the
various functions involved in the computation of the above amplitude take the following form
12
F1(0, 0, n, n) + F
′
1(0, 0, n, n) =
(N (n))2
2
√
π
√
q
∫ ∞
−∞
dx e−2qx
2 (
6(Hn(
√
qx))2 − 8n2(Hn−2(√qx))2
)
(3.47)
F˜1(0, 0, n, n) + F˜
′
1(0, 0, n, n) =
(N˜ (n+ 1))2
2
√
π
√
q
∫ ∞
−∞
dx e−2qx
2 (
6(Hn+1(
√
qx))2 − 8n2(Hn−1(√qx))2
)
(3.48)
F 12 (0, 0, n, n) + F
2
2 (0, 0, n, n) =
1
2n
√
πn!
√
q
∫ ∞
−∞
dx e−2qx
2
(Hn(
√
qx))2 (3.49)
F 32 (0, 0, l,−l) = 1 ; F3(0, 0, l,−l) = F
′
3(0, 0, l,−l) =
1
2
F 14 (0, n, l) = −(−i)n−1
4ne−
lˆ2
4 lˆn−1√
2n+1(4n2 − 2n)(n− 2)! ; F
i
4(0, n, l) =
−(−i)n+12kˆie− lˆ
2
4 lˆn√
2n+1(4n2 − 2n)(n − 2)! = kˆiF˜4(0, n, l)
F5(0, n, l) = −2(−i)(n+1)e−
lˆ2
4
lˆ(n+1)√
2n+1n!
; F 15 (0, n, l) = (−i)(n−1)e−
lˆ2
4
2lˆ(n+1) + 4nlˆ(n−1)√
2n+1(4n2 − 2n)(n − 2)!
F˜ 15 (0, n, l) = −2(−i)(n+1)e−
lˆ2
4
lˆ(n+2) + lˆn√
2n+2(4n + 2)n!
; F˜ i5(0, n, l) = (−i)n+1kˆ
′
ie
− lˆ2
4
lˆn√
2n+1n!
= kˆ
′
iF˜05 (0, n, l)
F˜ 115 (0, n, l) = −2(−i)(n+1)e−
lˆ2
4
lˆn√
2n+2(4n + 2)n!
; F˜ i15 (0, n, l) = (−i)n+1kˆ
′
ie
− lˆ2
4
lˆn√
2n+1n!
= kˆ
′
iF˜15 (0, n, l)
F˜ 1i5 (0, n, l) = 2
(−i)n+1kˆie− lˆ
2
4 lˆn+1√
2n+2(4n + 2)n!
= kˆiF˜1′5 (0, n, l) ; F˜ ij5 (0, n, l) = −2(−i)(n+1)e−
lˆ2
4
lˆ(n+1)√
2n+1n!
δij = δijF˜5(0, n, l)
(3.50)
In the above expressions (i, j) = 2, 3 and kˆi = ki/
√
q, lˆ = l/
√
q.
Using the above forms of the vertices at zero external momenta, we first write down the contributions
from the four point vertices. This is given by
Σ1C−C = (I) + (II) + (III) + (IV ) + (V ) + (V I). (3.51)
Defining the sum over bosonic frequencies as
f(λn, β) = N
∑
m
1
ω2m + λn + |k|2
=
√
q√
λn + |k|2
(
1
2
+
1
eβ
√
λn+|k|2 − 1
)
(3.52)
the various contributions as shown in Figure 1 are given as follows
(I) =
1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
(
F1(0, 0, n, n) + F
′
1(0, 0, n, n)
) 1
ω2m + λn + |k|2
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=
1
2
∞∑
n=2
∫
d2k
(2π
√
q)2
(
F1(0, 0, n, n) + F
′
1(0, 0, n, n)
)
f(λn, β) (3.53)
(II) =
1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
(
F˜1(0, 0, n, n) + F˜
′
1(0, 0, n, n)
) ω2m + γn
ω2m(ω
2
m + γn + |k|2)
(3.54)
=
1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
(
F˜1(0, 0, n, n) + F˜
′
1(0, 0, n, n)
) [ |k|2
γn + |k|2 f(γn, β) +
γn
γn + |k|2
∑
m
β
√
q
(2πm)2
]
(III) =
1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
(
F 12 (0, 0, n, n) + F
2
2 (0, 0, n, n)
) [ 5
ω2m + γn + |k|2)
+
2ω2m + |k|2
ω2m(ω
2
m + γn + |k|2)
]
=
1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
(
F 12 (0, 0, n, n) + F
2
2 (0, 0, n, n)
) ×
[
(7)f(γn, β)− |k|
2
γn + |k|2 f(γn, β) +
|k|2
γn + |k|2
∑
m
β
√
q
(2πm)2
]
(3.55)
(IV )) =
1
2
N
∑
m
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
F 32 (0, 0, l,−l)
) [ 5
(ω2m + l
2 + |k|2) +
2ω2m + |k|2
ω2m(ω
2
m + l
2 + |k|2)
]
=
1
2
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
F 32 (0, 0, l,−l)
) ×[
(7)f(l2, β) − |k|
2
l2 + |k|2 f(l
2, β) +
|k|2
l2 + |k|2
∑
m
β
√
q
(2πm)2
]
(3.56)
(V ) =
1
2
N
∑
m
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
F
′
3(0, 0, l,−l)
) ω2m + l2
ω2m(ω
2
m + l
2 + |k|2)
=
1
2
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
F
′
3(0, 0, l,−l)
) [ |k|2
l2 + |k|2 f(l
2, β) +
l2
l2 + |k|2
∑
m
β
√
q
(2πm)2
]
(3.57)
(V I) =
1
2
N
∑
m
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
F
′
3(0, 0, l,−l)
) 1
ω2m + l
2 + |k|2
=
1
2
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
F
′
3(0, 0, l,−l)
)
f(l2, β) (3.58)
We now turn to the contribution to the two point amplitude from the three point vertices. The relevant
Feynman diagrams are shown in Figure 2. Thus
14
Σ2C−C = (V II) + (V III) + (IX) + (X) + (XI) (3.59)
where,
(V II) = −1
2
N
∑
m,n
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
[(
qF 14 (0, n, l)F
1
4 (0, n,−l)
) [ ω2m + l2
ω2m(ω
2
m + l
2 + |k|2)(ω2m + λn + |k|2)
]
+
(
−F˜4(0, n, l)F˜4(0, n,−l)
) [ |k|2(ω2m + |k|2)
ω2m(ω
2
m + l
2 + |k|2)(ω2m + λn + |k|2)
]
+
(
2qlˆF 14 (0, n, l)F˜4(0, n,−l)
) [ |k|2
ω2m(ω
2
m + l
2 + |k|2)(ω2m + λn + |k|2)
]]
= −1
2
∞∑
n=2
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
[(
qF 14 (0, n, l)F
1
4 (0, n,−l)
){ |k|2
(l2 + |k|2)(l2 − λn)
(
f(λn, β)− f(l2, β)
)
+
l2
(l2 + |k|2)(λn + |k|2)
(∑
m
β
√
q
(2πm)2
− f(λn, β)
)}
+
(
−F˜4(0, n, l)F˜4(0, n,−l)
) |k|2
(l2 − λn)
{(
λn
λn + |k|2 f(λn, β)−
l2
l2 + |k|2 f(l
2, β)
)
+
( |k|2
λn + |k|2 −
|k|2
l2 + |k|2
)∑
m
β
√
q
(2πm)2
}
+
(
2qlˆF 14 (0, n, l)F˜4(0, n,−l)
) |k|2
(l2 − λn)
{
1
l2 + |k|2 f(l
2, β)− 1
λn + |k|2 f(λn, β)
+
(
1
λn + |k|2 −
1
l2 + |k|2
)∑
m
β
√
q
(2πm)2
}]
(3.60)
(V III) = −1
2
N
∑
m,n
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(5) ×
[
(qF5(0, n, l)F5(0, n,−l)) 1
(ω2m + γn + |k|2)(ω2m + l2 + |k|2)
]
= −1
2
∞∑
n=0
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(5)×
[
(qF5(0, n, l)F5(0, n,−l)) 1
l2 − γn
{
f(γn, β)− f(l2, β)
}]
(3.61)
(IX) = −1
2
N
∑
m,n
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
[(
qF 15 (0, n, l)F
1
5 (0, n,−l)
) 1
(ω2m + λn + |k|2)(ω2m + l2 + |k|2)
]
= −1
2
∞∑
n=2
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
[(
qF 15 (0, n, l)F
1
5 (0, n,−l)
) 1
l2 − λn
{
f(λn, β)− f(l2, β)
}]
(3.62)
(X) = −1
2
N
∑
m,n
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
[(
−qF˜ 15 (0, n, l)F˜ 15 (0, n,−l)
) [ ω2m + γn
ω2m(ω
2
m + l
2 + |k|2)(ω2m + γn + |k|2)
]
15
+
(
−F˜05 (0, n, l)F˜05 (0, n,−l)
) [ |k|2(ω2m + |k|2)
ω2m(ω
2
m + l
2 + |k|2)(ω2m + γn + |k|2)
]
+
(
2q
√
2n+ 1F˜ 15 (0, n, l)F˜05 (0, n,−l)
) [ |k|2
ω2m(ω
2
m + l
2 + |k|2)(ω2m + γn + |k|2)
]]
= −1
2
∞∑
n=0
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
[(
−qF˜ 15 (0, n, l)F˜ 15 (0, n,−l)
){ |k|2
(γn + |k|2)(l2 − γn)
(
f(γn, β)− f(l2, β)
)
+
γn
(γn + |k|2)(l2 + |k|2)
(∑
m
β
√
q
(2πm)2
− f(l2, β)
)}
+
(
−F˜05 (0, n, l)F˜05 (0, n,−l)
) |k|2
(l2 − γn)
{(
γn
γn + |k|2 f(γn, β)−
l2
l2 + |k|2 f(l
2, β)
)
+
( |k|2
γn + |k|2 −
|k|2
l2 + |k|2
)∑
m
β
√
q
(2πm)2
}
+
(
2q
√
2n+ 1F˜ 15 (0, n, l)F˜05 (0, n,−l)
) |k|2
(l2 − γn)
{
1
l2 + |k|2 f(l
2, β)− 1
γn + |k|2 f(γn, β)
+
(
1
γn + |k|2 −
1
l2 + |k|2
)∑
m
β
√
q
(2πm)2
}]
(3.63)
(XI) = −1
2
Nq
∑
m,n
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
1
(ω2m)
2(ω2m + γn + |k|2)(ω2m + l2 + |k|2)
)
×
×
[(
F˜ 115 (0, n, l)F˜
11
5 (0, n,−l)
)
(ω2m + γn)(ω
2
m + l
2) +
(
−2F˜ 115 (0, n, l)F˜5(0, n,−l)
) (
l
√
γn|k|2
)
+
(
−2lˆF˜ 115 (0, n, l)F˜1
′
5 (0, n,−l)
) (|k|2(ω2m + γn))+ (2√(2n + 1)F˜ 115 (0, n, l)F˜15 (0, n,−l)) (|k|2(ω2m + l2))
+
(
−F˜15 (0, n, l)F˜15 (0, n,−l)
) (
(|k|2/q)(ω2m + l2)(ω2m + |k|2)
)
+
(
F˜1′5 (0, n, l)F˜1
′
5 (0, n,−l)
) (
(|k|2/q)(ω2m + γn)(ω2m + |k|2)
)
+
(
2lˆ
√
(2n + 1)F˜15 (0, n, l)F˜1
′
5 (0, n,−l)
) (|k|2)2 + (2lˆF˜5(0, n, l)F˜15 (0, n,−l)) (|k|2(ω2m + |k|2))
+
(
−2
√
(2n+ 1)F˜5(0, n, l)F˜1′5 (0, n,−l)
) (|k|2(ω2m + |k|2))
+
(
F˜5(0, n, l)F˜5(0, n,−l)
) (
2(ω2m)
2 + 2ω2m|k|2 + (|k|2)2
)]
(3.64)
Unlike the previous terms, due to the long length of the contribution (XI) we have not presented here
the result after doing the sum over the Matsubara frequencies.
We now write down the contribution from fermions in the loop. The corresponding Feynman diagram
is shown in Figure 3.
Σ3C−C = −4N
∑
m,n
∫
d2k
(2π
√
q)2
dl
(2π
√
q)
tr
[
F6(n
′′
, n, l)γ1
1
/P+
F ∗6 (n˜
′′
, n, l)γ1
1
/K
′
+
]
(2π)2δ2(k
′′
+ k˜
′′
)δm′′+m˜′′(3.65)
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Figure 3: Feynman diagrams involving three-point vertices F6
where propagators /P+ = iωmγ
0 +
√
λ′nγ
1 + k2γ
2 + k3γ
3 ; /K
′
+ = iωm′γ
0 + lγ1 + k
′
2γ
2 + k
′
3γ
3. The
momenta are related as, ωm′ = ωm − ωm′′ , k
′
= k− k′′ . The factor of 4 in front comes from summing over
the contributions from four sets of fermions (see eqn. C.194).
We will now be interested in evaluating the two point function with the external momenta set to zero.
(ωm′′ = ω˜m′′ = k
′′
= k˜
′′
= n
′′
= n˜
′′
= 0). Evaluating the trace in (3.65) the amplitude reduces to
Σ3C−C = − 16N
∑
m,n
∫
d2k
(2π
√
q)2
dl
(2π
√
q)
1
2


(
l2 + λ
′
n
)
(ω2m + λ
′
n + |k|2) (ω2m + l2 + |k|2)
− 1
(ω2m + λ
′
n + |k|2)
− 1
(ω2m + l
2 + |k|2)
]
|F6(0, n, l)|2 (3.66)
where,
F6(0, n, l) = (−i)n+1e− lˆ
2
4
lˆn√
2n+1n!
. (3.67)
Now define the sum over the fermionic frequencies as,
g(λ
′
n, β) = N
∑
m
1
ω2m + λ
′
n + |k|2
=
√
q√
λ
′
n + |k|2
(
1
2
− 1
eβ
√
λ′n+|k|2 + 1
)
. (3.68)
Then after performing the sum over the Matsubara frequencies the amplitude can be written as
Σ3C−C = − 16
∑
n
∫
d2k
(2π
√
q)2
dl
(2π
√
q)
[
λ
′
ng(λ
′
n, β)− l2g(l2, β)
] |F6(0, n, l)|2
(l2 − λ′n)
(3.69)
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3.1 Analysis of one loop amplitude
3.1.1 Ultraviolet finiteness
In this section we show that the one-loop amplitude is finite in the UV (large n). Finiteness of the amplitudes
in the UV is expected as the underlying N = 4 SYM theory is finite. In the present case supersymmetry
is only broken by the background. Nevertheless we demonstrate this finiteness explicitly by showing the
cancellation of contributions from bosons and fermions in the loop in the UV, which in this case is the large
n limit. This exercise is particularly useful in order to ensure that the counting of the modes in the loops
has been done correctly. In the following we proceed along a slightly alternate route to demonstrate the
UV finiteness than that was followed in [1] for the case of intersecting D1 branes.
We first note that the factors coming from the three-point vertices are of the form
e−
lˆ2
2 lˆ2n
2n+1n!
n→∞−−−→ 1
2
√
2πn
e
1
2
(lˆ2−2n)
(
lˆ2
2n
)n
(3.70)
The above asymptotic expression shows that the leading large n contribution from the l integrals come
from the region lˆ2 = 2n. We will thus, in all the contributions obtained above, replace lˆ2 by 2n in the
propagators. This leaves us with l integrals only over the vertices. We can now perform these integrals over
l separately noting that
∫
dlˆ
(2π)
e−
lˆ2
2 lˆ2n
2n+1n!
n→∞−−−→ 1
(2π)
√
2n
. (3.71)
To illustrate this further, consider the integral
J1 =
∫
dlˆ
(2π)
e−
lˆ2
2 lˆ2n
2n+1n!
I(lˆ2, ω, |k|2) (3.72)
where the function I(lˆ2, ω, |k|2) contains propagators and other polynomials in lˆ2 in the numerator.
According to the above in the large n limit the leading value of the integral (3.72) will be given by
1
(2pi)
√
2n
I(2n, ω, |k|2). As a first example let us take I(lˆ2, ω, |k|2) = lˆ2. Performing the integral (3.72)
directly and then taking the large n limit we get
J1 =
2n
2π
√
2n
+
3
8π
√
2n
+O
(
1
n3/2
)
(3.73)
The large n leading term in the expression (3.73) can also obtained as described above.
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As a second example let us consider the integral that involves both the sum over n as well as the integral
over l (which appears in many of the expressions for the two-point function). A typical such integral is of
the form,
J2 =
∑
m,n
∫
d2k
(2π
√
q)2
dl
(2π
√
q)
e−
lˆ2
2 lˆ2n
2n+1n!
lˆ2
(ω2m + λn + |k|2)
(
ω2m + qlˆ
2 + |k|2
) (3.74)
We first perform the integral over l in (3.74). The result in the large n limit reads (for simplicity we
have set q = 1)
J2 =
∑
m,n
∫
d2k
(2π)2
1
(ω2m + 2n+ |k|2)
[
1
2π
√
2n
− 1 + 4(ω
2
m + |k|2)√
2πn3/2
+O
(
1
n5/2
)]
(3.75)
where we have assumed 2nq >> ω2m + |k|2. Further terms with odd powers of ωm have been dropped.
This is exactly as we had proceeded in [1]. Following the other route, we have
J2 =
∑
m,n
∫
d2k
(2π)2
(
1
2π
√
2n
)
2n
(ω2m + 2n+ |k|2)2
=
∑
m,n
∫
d2k
(2π)2
(
1
2π
√
2n
)[
1
(ω2m + 2n+ |k|2)
− ω
2
m + |k|2
(ω2m + 2n+ |k|2)2
]
(3.76)
The leading term in the expressions (3.75) and (3.76) match when we assume 2nq >> ω2m + |k|2. The
difference in the sub-leading pieces is expected as we have restricted ourselves to leading contribution as
coming from lˆ2 = 2n in the second approach.
Although this expansions with the assumption 2nq >> ω2m+ |k|2 is needed to show the agreement of the
resulting leading behaviours in the two approaches it turns out that it will not be necessary in the ultimate
demonstration of finiteness of the full two-point amplitude at large n. In other words in the following we
work with the full expression (3.76) and the assumption that 2nq >> ω2m + |k|2 is not invoked.
With these observations we proceed to write down the asymptotic contributions from each of the terms
((I) − (XI)).
For the terms containing four-point vertices (Feynman diagrams in Figure 1) we can directly take the
n→∞ limit. Using the following asymptotic forms worked out in [1]
F1(0, 0, n, n) + F
′
1(0, 0, n, n) = F˜1(0, 0, n, n) + F˜
′
1(0, 0, n, n) =
1
2
(
F 12 (0, 0, n, n) + F
2
2 (0, 0, n, n)
)
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n→∞−−−→ 1
(2π)
√
2n
(3.77)
we can now write,
(I) ∼ 1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
1
(2π)
√
2n
[
1
(ω2m + 2nq + |k|2)
]
(3.78)
(II) ∼ 1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
1
(2π)
√
2n
[
ω2m + 2nq
ω2m(ω
2
m + 2nq + |k|2)
]
(3.79)
(III) =
1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
1
(2π)
√
2n
[
(5× 2)
ω2m + 2nq + |k|2
+ (2)
2ω2m + |k|2
ω2m(ω
2
m + 2nq + |k|2)
]
(3.80)
By inserting
∞∑
n=0
e−
lˆ2
2 lˆ2n
2n+1n!
=
1
2
(3.81)
in the expressions of (IV ), (V ) and (V I) and doing the l integral as elaborated above, we get (IV ) =
(III) and
(V ) + (V I) ∼ 1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
1
(2π)
√
2n
[
1
ω2m + 2nq + |k|2
+
ω2m + 2nq
ω2m(ω
2
m + 2nq + |k|2)
]
(3.82)
We now write down the asymptotic forms of the contributions (V II) − (XI) corresponding to the
diagrams in Figure 2. Here we implement the steps described at the beginning of this section.
(V II) ∼ −1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
1
(2π)
√
2n
[
1
ω2m
− 1
ω2m + 2nq + |k|2
]
(3.83)
(V III) ∼ −1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
1
(2π)
√
2n
[
(5× 4)2nq
(ω2m + 2nq + |k|2)2
]
(3.84)
Similarly in the large n limits, (IX) = 15(V III) and (X) = (V II).
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(XI) ∼ −1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
1
(2π)
√
2n
[
8ω4m(2nq) + 2ω
2
m|k|2(ω2m + 2nq + |k|2)
(ω4m)(ω
2
m + 2nq + |k|2)2
]
(3.85)
Adding all the contributions (I)− (XI) we get
Σ1C−C +Σ
2
C−C ∼
1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
1
(2π)
√
2n
(32)
[
1
ω2m + 2nq + |k|2
− 2nq
(ω2m + 2nq + |k|2)2
]
(3.86)
Now following the above observations it is easy to see that that the large n limit of (3.66) is exactly
same as (3.86) coming from fermions in the loop but with opposite sign. Thus the one loop amplitude is
finite in the UV (large n).
We should note that the finiteness in the large n limit as shown here holds irrespective of the values of
ω2m and |k|2. That is for every fixed value of ω2m and |k|2 the amplitudes are finite in the large n limit. It
would similarly be useful to give an analytic proof of the finiteness of the amplitudes for fixed values of ω2m
and 2nq but large |k|. Unfortunately we are not able to demonstrate this analytically as the closed form
expressions (in n) for the integrals (3.47,3.48,3.49) that involves product of four Hermite polynomials could
not be obtained. Such finiteness of the amplitudes for the massless fields however can be shown both for
large n and fixed |k| as well as large |k| and fixed n which we shall see in the following sections.
3.1.2 Infrared issues
Some of the contributions to the two point amplitude (I − XI) diverges in the infrared. These infrared
divergences occur from two sources: (i) There are poles of the from of 1/ω2m. These poles are artifacts of
the Aa0 = 0 gauge and one should use prescriptions to remove them. See for example [40]-[43] and references
therein. In our case this means that we shall simply drop terms that are proportional to
∑
m
β
√
q
(2pim)2 . (ii)
There are also genuine infrared divergences due to tree-level “massless” modes propagating in the loop.
These modes are the fields with the gauge index a = 3, namely Φ3J/Φ˜
3
J(J = 1, 2, 3) and A
3
i (i = 1, 2, 3).
This is because these fields do not couple to the background value of the field Φ31, and hence the tree-level
spectrum for the fields with gauge index equal to 3 is not gapped unlike the fields with gauge indices equal
to 1, 2. To ultimately get a finite answer for the one loop amplitude we follow the procedure implemented
in [1]. We first find the one-loop correction to the propagators for these fields and then use the corrected
propagators to evaluate the one-loop two-point tachyon amplitude. The corrected propagator will involve
one-loop corrections to the zero tree-level masses for the fields Φ3I , A
3
µ. These corrections will be computed
in the next section.
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We now give some details on how to incorporate the one-loop masses in the propagators for the tree-level
“massless” modes. The quadratic action for the Φ3I/Φ˜
3
I/ fields (see eqn 2.28) including the mass terms is
written as,
− 1
2qg2
∫
dkxd
2k
(2π
√
q)3
∑
m
[
|Φ3J(m,k)|2
(
k2 +m2Φ3J
)
+ |Φ˜3J(m,k)|2
(
k2 +m2
Φ˜3J
)]
(3.87)
Here (J = 1, 2, 3) and k2 = (ω2m + k
2
x + k
2). Due to the remaining SO(5) symmetry, except for m2
Φ3
1
the
masses m2
Φ3J
and m2
Φ˜3J
are all equal. We thus write down the modified propagators as:
〈
Φ3I(m, l,k)Φ
3
I(m
′
, l
′
,k
′
)
〉
→ qg2 δm,−m
′2πδ(l + l
′
)(2π)2δ2(k+ k
′
)
ω2m + l
2 + |k|2 +m2ΦI
(3.88)
For the A3i fields writing down the modified propagator requires a bit more work. The one-loop correction
breaks the SO(3) in (2.28) to SO(2). As a result the one-loop mass for A31 (m1) field is different from those
of A32 and A
3
3 fields which are equal (say m2). Introducing a vector u
i ≡ (1, 0, 0), we can write down the
quadratic part of the action as
− 1
2qg2
∫
dkxd
2k
(2π
√
q)3
∑
m
[
A˜3i (m,k)
(
(k2 +m22)δ
ij − kikj + (m21 −m22)uiuj
)
A˜3j (−m,−k)
]
(3.89)
Here (i, j = 1, 2, 3) and k2 = (ω2m+k
2
x+k
2). For the one-loop amplitude there are momentum dependent
corrections as well. Correspondingly the term A˜3i (ak
ikj + bkx(u
ikj + ujki) + c(kx)
2uiuj)A˜3j also arises in
the one-loop effective action (3.89). The correction coefficients a, b and c are different due to the breaking
of SO(3) invariance. In the infrared limit however only the mass terms in (3.89) provide the necessary
regulation. Thus for simplicity we shall work with only the non-zero masses m1 and m2. Following these
observations the corrected propagator takes the following form (see appendix D for further details)
(qg2)P 33ij :
〈
A˜3i (m, l,k)A˜
3
j (−m,−l,−k)
〉
→ qg2A [δij +B (kikj + C(kiuj + uikj) +Duiuj)] (3.90)
where, the functions A, B, C and D are given by
A =
1
k2 +m22
; B =
(
k2 +m21
k2 +m21 +m
2
2
) 1
ω2m +
k2xm
2
1
+|k|2m2
2
+m2
1
m2
2
k2+m2
1
+m2
2


C =
kx
(
m22 −m21
)
k2 +m21
; D =
(
m22 −m21
)(ω2m +m22
k2 +m21
)
(3.91)
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With these modifications we can re-write the corresponding modified expressions in (I)-(XI). For the
Φ3I fields the mass terms in the propagators in the loop are easy to implement. However for the A
3
i some
more work is needed. These expressions are listed in appendix D. The numerical results incorporating the
above are analyzed in section 5.
4 Two point amplitude for massless fields
In the following sections we shall compute the one-loop corrections to the masses for the fields, Φ3J/Φ˜
3
J(J =
1, 2, 3) and A3i (i = 1, 2, 3). For each of the two-point amplitudes we also demonstrate the cancellation of
contributions from the bosons and fermions in the loop in the large n limit irrespective of the values of ω2m
and |k|2 as well as for large |k| at fixed values of ω2m and 2nq thereby showing that the amplitudes are UV
finite.
4.1 Two point amplitude for Φ31 field
In this section we compute the two point amplitude for Φ31 field. Using the vertices listed in appendix (E.1),
we first write down the contributions to the one loop amplitude from bosons in the loop,
PSfrag replacements
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3
1Φ
3
1Φ
3
1
Φ31 Φ
3
1
Φ
(1,2)
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Figure 4: Feynman diagrams contributing to Σ1
Φ3
1
−Φ3
1
. The momenta on the external Φ31 fields are (ωm′′ , k
′′
x,k
′′
)
and (ωm˜′′ , k˜
′′
x , k˜
′′
)
.
This contribution consisting of the four-point vertices as shown in figure (4) is given by,
Σ1Φ3
1
−Φ3
1
=
1
2
N
∫
d2k
(2π
√
q)2
∑
m,n
[
(5× 2)G
(1)
1 (n, n, k
′′
x , k˜
′′
x)
ω2m + γn + |k|2
+ (2)
G
(1)
2 (n, n, k
′′
x , k˜
′′
x)
ω2m + λn + |k|2
+
3∑
i,j=1
G˜
(1)ij
2 (n, n, k
′′
x , k˜
′′
x)(P
11
ij + P
22
ij )

 δm′′+m˜′′ (2π)2δ2(k′′ + k˜′′) (4.92)
and the contributions from the three-point vertices (see figure (5)) is
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′′
x , k˜
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Σ2Φ3
1
−Φ3
1
= −1
2
qN
∑
m,n,n′
∫
d2k
(2π
√
q)2
[
(2)
G
(1)
3 (n, n
′
, k
′′
x)G
(1)
3 (n, n
′
, k˜
′′
x)
(ω2m + λn + |k|2)(ω2m′ + λn′ + |k
′ |2)
+ (5× 2) G
(1)
4 (n, n
′
, k
′′
x)G
(1)
4 (n, n
′
, k˜
′′
x)
(ω2m + γn + |k|2)(ω2m′ + γn′ + |k
′ |2) +
3∑
i,j=1
G˜
(1)i
3 (n, n
′
, k
′′
x)G˜
(1)j
3 (n, n
′
, k˜
′′
x)
(ω2m + λn + |k|2)
(P 11ij + P
22
ij )
+
3∑
i,i′ ,j,j′=1
G˜
(1)ij
3 (n, n
′
, k
′′
x)G˜
(1)i
′
j
′
3 (n, n
′
, k˜
′′
x)(P
11
ii
′ P 11
jj
′ + P 22
ii
′ P 22
jj
′ )

 δm′′+m˜′′ (2π)2δ2(k′′ + k˜′′)(4.93)
Where ωm′ = ωm−ωm′′ , k
′
= k−k′′ . For computing the above amplitudes at zero external momentum
we list the various exact functions below
G
(1)
1 (n, n
′
, 0, 0) = δn,n′ , G
(1)
2 (n, n
′
, 0, 0) =
1
2
δn,n′ , G˜
(1)11
2 (n, n
′
) =
1
2
δn,n′ , G˜
(1)ii
2 (n, n
′
) = δn,n′
G
(1)
3 (0, n, n
′
) = 2
√
2n(n − 1)(n − 2)
(2n − 1)(2n − 3) δn−1,n′ , G˜
(1)i
3 (0, n, n
′
) = ikˆi
( √
(n− 1)√
2(2n − 1)δn,n′ −
√
n√
2(2n − 1)δn−2,n′
)
G˜
(1)1
3 (0, n, n
′
) = ±i
( √
2n(n− 1)√
(2n − 1)(2n − 3)δn−2,n′ −
√
2(n − 1)(n + 1)√
(2n − 1)(2n + 1)δn,n′
)
, G˜
(1)11
3 (0, n, n
′
) = 0
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G˜
(1)1i
3 (0, n, n
′
) = ∓kˆi
( √
(n+ 1)√
2(2n + 1)
δn+1,n′ +
√
n√
2(2n + 1)
δn−1,n′
)
, G˜
(1)ii
3 (0, n, n
′
) = G
(1)
4 (0, n, n
′
) =
√
2nδn−1,n′
(4.94)
In the above expressions i = 2, 3 and kˆi = ki/
√
q. We first analyze the contributions to the expressions
(4.92) and (4.93) in the large n limit. This will give us their ultraviolet behavior. We write down the
contributions from each of the terms separately,
Σ1Φ3
1
−Φ3
1
∼ 1
2
N
∫
d2k
(2π
√
q)2
∑
m,n
[
(5× 2) 1
ω2m + 2nq + |k|2
+ (2× 1
2
)
1
ω2m + 2nq + |k|2
+ (2× 1
2
)
ω2m + 2nq
ω2m(ω
2
m + 2nq + |k|2)
+ (2)
2ω2m + |k|2
ω2m(ω
2
m + 2nq + |k|2)
]
(4.95)
Σ2Φ3
1
−Φ3
1
∼ −1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
[
(2)
2nq
(ω2m + 2nq + |k|)2
+ (5× 2) 2nq
(ω2m + 2nq + |k|2)2
+ (2× 1
2
)
(2nq)(ω2m + 2nq)
ω2m(ω
2
m + 2nq + |k|2)2
+ (2× 1
2
)
|k|2(ω2m + |k|2)
ω2m(ω
2
m + 2nq + |k|2)2
+ (2× 1
2
)
2(2nq)|k|2
ω2m(ω
2
m + 2nq + |k|2)2
+
2(2nq)
[
2ω2m(ω
2
m + |k|2) + (|k|2)2
]
(ω2m)
2(ω2m + 2nq + |k|2)2
− 4(2nq)|k|
2(ω2m + |k|2)
(ω2m)
2(ω2m + 2nq + |k|2)2
+
|k|2(ω2m + |k|2)(ω2m + 2nq)
(ω2m)
2(ω2m + 2nq + |k|2)2
+
(|k|2)2(2nq)
(ω2m)
2(ω2m + 2nq + |k|2)2
]
(4.96)
The full contribution from (4.95) and (4.96) simplifies to
Σ1Φ3
1
−Φ3
1
+Σ2Φ3
1
−Φ3
1
∼ 8N
∑
m,n
∫
d2k
(2π
√
q)2
[
1
ω2m + 2nq + |k|2
− 2nq
(ω2m + 2nq + |k|)2
]
∼ 2
∑
n
∫
d2k
(2π
√
q)2
1√
2n+ |k|2/q (4.97)
where in the last line of the above equation we have kept the zero temperature UV divergent piece.
We now compute the the exact expression for the two point amplitude for all n. To do this we write
down term by term each of which corresponds to the Feynman diagrams in the figures (4) and (5). We
write
Σ1Φ3
1
−Φ3
1
= (I) + (II) + (III) (4.98)
where,
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(I) =
1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
(5× 2)f(γn, β) ; (II) = 1
2
∞∑
n=2
∫
d2k
(2π
√
q)2
(2× 1
2
)f(λn, β) (4.99)
(III) =
1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
[
(2× 1
2
)
{
|k|2
γn + |k|2 f(γn, β) +
γn
γn + |k|2
∑
m
β
√
q
(2πm)2
}
(4.100)
+ (2)
{
2f(γn, β) +
|k|2
γn + |k|2
∑
m
β
√
q
(2πm)2
− |k|
2
γn + |k|2 f(γn, β)
}]
and
Σ2Φ3
1
−Φ3
1
= (IV ) + (V ) + (V I) + (V II) (4.101)
where,
(IV ) = −1
2
∞∑
n=2
∫
d2k
(2π
√
q)2
(2)
(
4n(n− 1)(n − 2)
(2n− 1)(2n − 3)
)
[f(λn−1, β)− f(λn, β)] (4.102)
(V ) = −1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
(5× 2)n [f(γn−1, β)− f(γn, β)] (4.103)
(V I) = −1
2
∞∑
n=2
∫
d2k
(2π
√
q)2
(2)× (4.104)
×
[(
(n− 1)(n + 1)2
(2n − 1)(2n + 1)
){−2q + |k|2
λn + |k|2 f(λn, β)−
|k|2
γn + |k|2 f(γn, β) +
(
γn
λn + |k|2 −
γn
γn + |k|2
)∑
m
β
√
q
(2πm)2
}
−
(
n(n− 1)2
(2n − 1)(2n − 3)
){
2q + |k|2
λn + |k|2 f(λn, β)−
|k|2
γn−2 + |k|2 f(γn−2, β) +
(
γn−2
λn + |k|2 −
γn−2
γn−2 + |k|2
)∑
m
β
√
q
(2πm)2
}
+
(
(n− 1)(|k|2/q)
4(2n − 1)
){
λn
λn + |k|2 f(λn, β)−
γn
γn + |k|2 f(γn, β) +
( |k|2
λn + |k|2 −
|k|2
γn + |k|2
)∑
m
β
√
q
(2πm)2
}
−
(
n(|k|2/q)
4(2n − 1)
){
λn
λn + |k|2 f(λn, β)−
γn−2
γn−2 + |k|2 f(γn−2, β) +
( |k|2
λn + |k|2 −
|k|2
γn−2 + |k|2
)∑
m
β
√
q
(2πm)2
}
+
(
(n2 − 1)
(2n − 1)
){ |k|2
γn + |k|2 f(γn, β) −
|k|2
λn + |k|2 f(λn, β) +
( |k|2
λn + |k|2 −
|k|2
γn + |k|2
)∑
m
β
√
q
(2πm)2
}
−
(
n(n− 1)√2n+ 1
(2n− 1)√2n− 3
){ |k|2
γn−2 + |k|2 f(γn−2, β)−
|k|2
λn + |k|2 f(λn, β) +
( |k|2
λn + |k|2 −
|k|2
γn−2 + |k|2
)∑
m
β
√
q
(2πm)2
}]
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(V II) = −1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
(2) × (4.105)
×
[
(2n)
{(
1− |k|
2
γn−1 + |k|2 +
1
2
(|k|2)2
(γn−1 + |k|2)2
)
f(γn−1, β)−
(
1− |k|
2
γn + |k|2 +
1
2
(|k|2)2
(γn + |k|2)2
)
f(γn, β)
+
( |k|2
γn−1 + |k|2 −
|k|2
γn + |k|2 +
(|k|2)2
2(γn + |k|2)2 −
(|k|2)2
2(γn−1 + |k|2)2
)∑
m
β
√
q
(2πm)2
+
(
(|k|2)2
2(γn−1 + |k|2) −
(|k|2)2
2(γn + |k|2)
)∑
m
β3
√
q
(2πm)4
}
+
(
(n+ 1)|k|2/q
4(2n + 1)
){
γn|k|2
(γn + |k|2)2 f(γn, β)−
(
1− γn + |k|
2
(γn+1 + |k|2) +
γn|k|2
(γn+1 + |k|2)2
)
f(γn+1, β)
+
(
1− γn + |k|
2
γn+1 + |k|2 +
γn|k|2
(γn+1 + |k|2)2 −
γn|k|2
(γn + |k|2)2
)∑
m
β
√
q
(2πm)2
+
(
γn|k|2
(γn + |k|2) −
γn|k|2
(γn+1 + |k|2)
)∑
m
β3
√
q
(2πm)4
}
+
(
n|k|2/q
4(2n + 1)
){(
1− γn + |k|
2
γn−1 + |k|2 +
γn|k|2
(γn−1 + |k|2)2
)
f(γn−1, β) −
(
γn|k|2
(γn + |k|2)2
)
f(γn, β)
−
(
1− γn + |k|
2
γn−1 + |k|2 +
γn|k|2
(γn−1 + |k|2)2 −
γn|k|2
(γn + |k|2)2
)∑
m
β
√
q
(2πm)2
−
(
γn|k|2
(γn + |k|2) −
γn|k|2
(γn−1 + |k|2)
)∑
m
β3
√
q
(2πm)4
}
+
(
(n+ 1)(|k|2)2
4
){
1
(γn + |k|2)2 f(γn, β) −
1
(γn+1 + |k|2)2 f(γn+1, β)
+
(
1
(γn+1 + |k|2)2 −
1
(γn + |k|2)2
)∑
m
β
√
q
(2πm)2
+
(
1
(γn + |k|2) −
1
(γn+1 + |k|2)
)∑
m
β3
√
q
(2πm)4
}
+
(
n(|k|2)2
4
){
1
(γn−1 + |k|2)2 f(γn−1, β) −
1
(γn + |k|2)2 f(γn, β)
+
(
1
(γn + |k|2)2 −
1
(γn−1 + |k|2)2
)∑
m
β
√
q
(2πm)2
+
(
1
(γn−1 + |k|2) −
1
(γn + |k|2)
)∑
m
β3
√
q
(2πm)4
}
− ((n+ 1)|k|2){( 1
γn+1 + |k|2 −
|k|2
(γn+1 + |k|2)2
)
f(γn+1, β)−
(
1
γn + |k|2 −
|k|2
(γn + |k|2)2
)
f(γn, β)
+
(
1
γn + |k|2 −
1
γn+1 + |k|2 −
|k|2
(γn + |k|2)2 +
|k|2
(γn+1 + |k|2)2
)∑
m
β
√
q
(2πm)2
+
( |k|2
(γn + |k|2) −
|k|2
(γn+1 + |k|2)
)∑
m
β3
√
q
(2πm)4
}
− (n|k|2){( 1
γn + |k|2 −
|k|2
(γn + |k|2)2
)
f(γn, β)−
(
1
γn−1 + |k|2 −
|k|2
(γn−1 + |k|2)2
)
f(γn−1, β)
+
(
1
γn−1 + |k|2 −
1
γn + |k|2 −
|k|2
(γn−1 + |k|2)2 +
|k|2
(γn + |k|2)2
)∑
m
β
√
q
(2πm)2
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+( |k|2
(γn−1 + |k|2) −
|k|2
(γn + |k|2)
)∑
m
β3
√
q
(2πm)4
}]
(4.106)
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Figure 6: Feynman diagrams involving three-point vertices V 1f , V
1′
f .
We now write down the contribution from fermions in the loop
Σ3Φ3
1
−Φ3
1
= 4
N
2
∑
m,n,n
′
∫
d2k
(2π
√
q)2
tr
[
G1f (n, n
′
, k
′′
x)γ
1 1
/P+
G1∗f (n, n
′
, k˜
′′
x)γ
1 1
/P
′
+
− (2)G1′f (n, n
′
, k
′′
x)γ
1 1
/P+
G1
′∗
f (n, n
′
, k˜
′′
x)γ
1 1
/P
′
−
]
(2π)2δ2(k
′′
+ k˜
′′
)δm′′+m˜′′ (4.107)
where propagators /P+ = iωmγ
0 +
√
λ′nγ
1 + k2γ
2 + k3γ
3 ; /P
′
+ = iωm′γ
0 +
√
λ
′
n′
γ1 + k
′
2γ
2 + k
′
3γ
3 and
/P
′
− = −iω
′
mγ
0 +
√
λ
′
n′
γ1 − k′2γ2 − k
′
3γ
3. The momenta are related as, ωm′ = ωm − ωm′′ , k
′
= k − k′′ .
The factor of 4 in front comes from summing over the contributions from all the four sets of fermions (eqn.
E.207).
We will now be interested in evaluating the two point function with the external momenta set to zero.
(ωm′′ = ω˜m′′ = k
′′
= k˜
′′
= 0). At zero external momenta the exact form of this contribution to the two
point amplitude is
Σ3Φ3
1
−Φ3
1
= 2N
∑
m,n
∫
d2k
(2π
√
q)2


(
−ω2m +
√
λ′nλ
′
n−1 − |k|2
)
(ω2m + λ
′
n + |k|2)
(
ω2m + λ
′
n−1 + |k|2
) +
(
−ω2m +
√
λ′nλ
′
n+1 − |k|2
)
(ω2m + λ
′
n + |k|2)
(
ω2m + λ
′
n+1 + |k|2
)
− (2)
(
ω2m +
√
λ′nλ
′
n−1 + |k|2
)
(ω2m + λ
′
n + |k|2)
(
ω2m + λ
′
n−1 + |k|2
)

 (4.108)
We now perform the sum over the Matsubara frequencies and write down the the contributions as
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Σ3Φ3
1
−Φ3
1
= (2)
∞∑
n=1
∫
d2k
(2π
√
q)2
[{(√
n(n− 1) + (n − 1)
)
g(λ
′
n−1, β)−
(√
n(n− 1) + n
)
g(λ
′
n, β)
+
(√
n(n+ 1) + n
)
g(λ
′
n, β)−
(√
n(n+ 1) + n+ 1
)
g(λ
′
n+1, β)
}
− (2)
{( √
(n− 1)√
n+
√
(n− 1)
)
g(λ
′
n−1, β) +
( √
n√
n+
√
(n − 1)
)
g(λ
′
n, β)
}]
(4.109)
where g(λ
′
n, β) is defined in equation (3.68). We can extract the zero temperature contributions from the
above equation. To study the UV behaviour of the zero temperature contributions we take the large n limit.
In this limit the expression reduce to
Σ3Φ3
1
−Φ3
1
∼ −2
∑
n
∫
d2k
(2π
√
q)2
1√
2n+ |k|2/q (4.110)
Thus equations (4.97) and (4.110) show that the UV divergences cancel (for large n) between that con-
tributions from the bosons and fermions in the loop.
Large k
In the following we list the large k (for fixed n) behaviour of the integrands in Σ1
Φ3
1
−Φ3
1
,Σ2
Φ3
1
−Φ3
1
and
Σ3
Φ3
1
−Φ3
1
at zero temperature. So the in the limit k >> nq the various expressions reduce to,
(I) ∼ 5
2
∑
n
∫
d2k
(2π
√
q)2
√
q
|k| ; (II) ∼
1
4
∑
n
∫
d2k
(2π
√
q)2
√
q
|k| ; (III) ∼
3
4
∑
n
∫
d2k
(2π
√
q)2
√
q
|k|
(IV ) = (V ) ∼ −
∑
n
∫
d2k
(2π
√
q)2
[
O
(
1
(|k|/√q)3
)]
; (V I) = (V II) ∼ 1
4
∑
n
∫
d2k
(2π
√
q)2
√
q
|k|
(4.111)
The above O(1/|k|) contributions from the bosons in the loop in the large k limit adds up to
∼ 4
∑
n
∫
d2k
(2π
√
q)2
√
q
|k| (4.112)
This is exactly the same in magnitude and opposite in sign as the O(1/|k|) term from (4.109). This
shows that in this regime of large k and fixed n the integrals converge.
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4.2 Two point amplitude for Φ3I fields
There is an unbroken SO(5) invariance in the theory. We thus only consider the amplitude for Φ32 field.
Using the vertices listed in the appendix (E.2) we first compute the amplitude with bosons in the loop.
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Figure 7: Feynman diagrams contributing to Σ1
Φ3
2
−Φ3
2
. The momenta on the external Φ31 fields are (ωm′′ , k
′′
x,k
′′
)
and (ωm˜′′ , k˜
′′
x , k˜
′′
)
.
Σ1Φ3
2
−Φ3
2
=
1
2
N
∫
d2k
(2π
√
q)2
∑
m,n
[
(4× 2)G
(2)
1 (n, n, k
′′
x , k˜
′′
x)
ω2m + γn + |k|2
+ (2)
G
(2)
2 (n, n, k
′′
x , k˜
′′
x)
ω2m + λn + |k|2
+
3∑
i,j=1
G˜
(2)ij
2 (n, n, k
′′
x , k˜
′′
x)(P
11
ij + P
22
ij )

 δm′′+m˜′′ (2π)2δ2(k′′ + k˜′′) (4.113)
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Figure 8: Feynman diagrams contributing to Σ2
Φ3
2
−Φ3
2
. The momenta on the external Φ31 fields are (ωm′′ , k
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)
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′′
x , k˜
′′
)
Σ2Φ3
2
−Φ3
2
= −1
2
qN
∑
m,n,n′
∫
d2k
(2π
√
q)2
[
(2)
G
(2)
3 (n, n
′
, k
′′
x)G
(2)
3 (n, n
′
, k˜
′′
x)
(ω2m + γn + |k|2)(ω2m′ + λn′ + |k
′ |2)
30
+3∑
i,j=1
G˜
(2)i
3 (n, n
′
, k
′′
x)G˜
(2)j
3 (n, n
′
, k˜
′′
x)
(ω2m + γn + |k|2)
(P 11ij + P
22
ij )

 δm′′+m˜′′ (2π)2δ2(k′′ + k˜′′) (4.114)
where ωm′ = ωm − ωm′′ , k
′
= k− k′′ . The vertices at zero external momentum are given by
G
(2)
1 (n, n
′
, 0, 0) = G
(2)
2 (n, n
′
, 0, 0) = G˜
(2)11
2 (n, n
′
, 0, 0) = G˜
(2)22
2 (n, n
′
, 0, 0) = G˜
(2)33
2 (n, n
′
, 0, 0) = δn,n′
G
(2)
3 (n, n
′
, 0, 0) = 0 , G˜
(2)1
3 (n, n
′
, 0, 0) = ∓i√2n+ 1δn,n′ , G˜(2)i3 (n, n
′
, 0, 0) = ikˆiδn,n′ (4.115)
In the above expressions i = 2, 3 and kˆi = ki/
√
q. Using these zero momentum vertices the amplitudes
corresponding to the diagrams in figures (7) and (8) are as follows
Σ1Φ3
2
−Φ3
2
= (I) + (II) + (III) (4.116)
with,
(I) =
1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
(4 × 2) 1
ω2m + γn + |k|2
=
1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
(4× 2)f(γn, β) (4.117)
(II) =
1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
(2)
1
ω2m + λn + |k|2
=
1
2
∞∑
n=2
∫
d2k
(2π
√
q)2
(2)f(λn, β) (4.118)
(III) =
1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
[
(2)
ω2m + γn
ω2m(ω
2
m + γn + |k|2)
+ (2)
2ω2m + |k|2
ω2m(ω
2
m + γn + |k|2)
]
(4.119)
=
1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
(2)
[
(2)f(γn, β) +
∑
m
β
√
q
(2πm)2
]
(4.120)
and
Σ2Φ3
2
−Φ3
2
= (IV ) + (V ) (4.121)
where
(IV ) = 0 (4.122)
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(V ) = −1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
[
(2)
γn(ω
2
m + γn)
ω2m(ω
2
m + γn + |k|2)2
+ (2)
|k|2(ω2m + |k|2)
ω2m(ω
2
m + γn + |k|2)2
+ (4)
γn|k|2
ω2m(ω
2
m + γn + |k|2)2
]
= −1
2
N
∑
m,n
∫
d2k
(2π
√
q)2
(2)
[
1
ω2m
− 1
ω2m + γn + |k|2
]
= −1
2
∑
n
∫
d2k
(2π
√
q)2
(2)
[∑
m
β
√
q
(2πm)2
− f(γn, β)
]
(4.123)
In the large n limit the above amplitude reduces to
Σ1Φ3
2
−Φ3
2
+Σ2Φ3
2
−Φ3
2
∼ 8N
∑
m,n
∫
d2k
(2π
√
q)2
1
(ω2m + 2nq + |k|2)
(4.124)
∼ 4
∑
n
∫
d2k
(2π
√
q)2
1√
2n+ |k|2/q (zero temperature contribution) (4.125)
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Figure 9: Feynman diagrams involving three-point vertices V 2f , V
2′
f .
We now turn to the fermions. The contribution from fermions in the loop is given by
Σ3Φ3
2
−Φ3
2
= 2N
∑
m,n,n
′
∫
d2k
(2π
√
q)2
tr
[
G2f (n, n
′
, k
′′
x)γ
1 1
/P+
G2∗f (n, n
′
, k˜
′′
x)γ
1 1
/P
′
+
− G2′f (n, n
′
, k
′′
x)γ
1 1
/P+
G2
′∗
f (n, n
′
, k˜
′′
x)γ
1 1
/P
′
−
]
(2π)2δ2(k
′′
+ k˜
′′
)δm′′+m˜′′ (4.126)
where propagators /P+ = iωmγ
0 +
√
λ′nγ
1 + k2γ
2 + k3γ
3 ; /P
′
+ = iωm′γ
0 +
√
λ
′
n′
γ1 + k
′
2γ
2 + k
′
3γ
3 and
/P
′
− = −iω
′
mγ
0 +
√
λ
′
n′
γ1 − k′2γ2 − k
′
3γ
3. The momenta are related as, ωm′ = ωm − ωm′′ , k
′
= k− k′′ . The
factor of 2 in front is due to the contributions from the two sets of fermions (eqn. E.209).
For zero external momenta (ωm′′ = ω˜m′′ = k
′′
= k˜
′′
= 0), G2f (n, n
′
, 0) = G2∗f (n, n
′
, 0) = 0. So the
amplitude simplifies as
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Σ3Φ3
2
−Φ3
2
= −8N
∑
m,n
∫
d2k
(2π
√
q)2
1
(ω2m + λ
′
n + |k|2)
= −8
∞∑
n=1
∫
d2k
(2π
√
q)2
g(λ
′
n, β) (4.127)
In the above equation we have summed over the Matsubara frequencies. g(λ
′
n, β) is given by eqn. (3.68).
To show that UV divergence cancellation we take the limit β →∞. The zero temperature contribution is
then
Σ3Φ3
2
−Φ3
2
∼ −4
∑
n
∫
d2k
(2π
√
q)2
1√
2n+ |k|2/q (4.128)
This is opposite in sign to the contribution from the bosons in the loop thus showing the finiteness of
the one-loop amplitude in the UV.
Large k
As we have done before we list behaviour of the integrands in Σ1
Φ3
2
−Φ3
2
,Σ2
Φ3
2
−Φ3
2
and Σ3
Φ3
2
−Φ3
2
at zero
temperature in the limit k >> nq.
(I) ∼ 2
∑
n
∫
d2k
(2π
√
q)2
√
q
|k| ; (II) ∼
1
2
∑
n
∫
d2k
(2π
√
q)2
√
q
|k| ; (III) ∼
∑
n
∫
d2k
(2π
√
q)2
√
q
|k|
(IV ) = 0 ; (V ) ∼ 1
2
∑
n
∫
d2k
(2π
√
q)2
√
q
|k|
(4.129)
Adding these give
∼ 4
∑
n
∫
d2k
(2π
√
q)2
√
q
|k| (4.130)
We also get the same O(1/|k|) contribution from (4.127) having opposite sign.
4.3 Two point amplitude for A3µ fields
In this section we compute the two point amplitude for A3µ fields. We compute the amplitudes for µ = 1
and µ 6= 1 in the following two subsections.
33
4.3.1 µ = 1 : Bosons
In this part we compute the contribution with bosons in the loop for the two-point function for the A31
Using the vertices listed in appendix (E.3), we first write down the contributions to the one loop ampli-
tude from bosons in the loop,
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Figure 10: Feynman diagrams contributing to Σ1
A3
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−A3
1
. The momenta on the external A31 fields are (ωm′′ , k
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The contribution consisting of the four-point vertices as shown in Figure 10 is given by,
Σ1A3
1
−A3
1
=
1
2
N
∫
d2k
(2π
√
q)2
∑
m,n
[
(5× 2)G
(A31)
1 (n, n, k
′′
x , k˜
′′
x)
ω2m + γn + |k|2
+ (2)
G
(A31)
2 (n, n, k
′′
x , k˜
′′
x)
ω2m + λn + |k|2
+
3∑
i,j=1
G˜
(A3
1
)ij
2 (n, n, k
′′
x , k˜
′′
x)(P
11
ij + P
22
ij )

 δm′′+m˜′′ (2π)2δ2(k′′ + k˜′′) (4.131)
and the contributions from the three-point vertices as shown in Figure 11) is
Σ2A3
1
−A3
1
= −1
2
qN
∑
m,n,n′
∫
d2k
(2π
√
q)2
[
G
(1)
3 (n, n
′
, k
′′
x)G
(1)
3 (n, n
′
, k˜
′′
x)
(ω2m + λn + |k|2)(ω2m′ + λn′ + |k
′ |2)
+ (5)
G
(1)
4 (n, n
′
, k
′′
x)G
(1)
4 (n, n
′
, k˜
′′
x)
(ω2m + γn + |k|2)(ω2m′ + γn′ + |k
′ |2) +
3∑
i,j=1
G˜
(1)i
3 (n, n
′
, k
′′
x)G˜
(1)j
3 (n, n
′
, k˜
′′
x)
(ω2m + λn + |k|2)
(P 11ij + P
22
ij )
+
3∑
i,i′ ,j,j′=1
G˜
(1)ij
3 (n, n
′
, k
′′
x)G˜
(1)i
′
j
′
3 (n, n
′
, k˜
′′
x)(P
11
ii′
P 22
jj′
)

 δm′′+m˜′′ (2π)2δ2(k′′ + k˜′′) (4.132)
where ωm′ = ωm − ωm′′ , k
′
= k − k′′ . Since we are interested in the amplitudes at zero external
momentum we list the various exact functions at this momentum below
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√
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)
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G˜
(A31)i
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) = −ikˆi
( √
(n− 1)√
2(2n − 1)δn,n′ +
√
n√
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)
,
G˜
(A31)1
3 (0, n, n
′
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( √
2n(n − 1)√
(2n− 1)(2n − 3)δn−2,n′ +
√
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(2n− 1)(2n + 1)δn,n′
)
, G˜
(1)11
3 (0, n, n
′
) = 0,
G˜
(A3
1
)1i
3 (0, n, n
′
) = ±kˆi
( √
(n+ 1)√
2(2n + 1)
δn+1,n′ −
√
n√
2(2n + 1)
δn−1,n′
)
,
G˜
(A31)ii
3 (0, n, n
′
) = G
(A31)
4 (0, n, n
′
) =
(√
2(n + 1)δn+1,n′ −
√
2nδn−1,n′
)
(4.133)
In the above expressions i = 2, 3 and kˆi = ki/
√
q. Using the above vertices (eqn. (4.133)) we can now
write down the the contributions from the expressions (4.131) and (4.132) in the large n limit. These are
exactly equal to the expressions obtained for the Σ1
Φ3
1
−Φ3
1
and Σ2
Φ3
1
−φ3
1
, eqns. (4.95) and (4.96). Thus the
full contribution Σ1
A3
1
−A3
1
+Σ2
A3
1
−A3
1
in the large n limit is given by eqn. (4.97). However the exact form (at
all n) for some of the terms of the two point contributions differ from that of the Φ31 amplitude. This is
35
because of the difference in the forms of the vertices given by eqns. (4.133) and (4.94). We thus give the
contributions corresponding to the different Feynman diagrams in the Figures 10 and 11 separately below.
Σ1A3
1
−A3
1
= (I) + (II) + (III) (4.134)
This is same as the the contribution obtained for Σ1
Φ3
1
−Φ3
1
where, (I), (II) and (III) are given by eqns.
(4.99) and (4.100).
We now write down the contribution towards the two point amplitude amplitude from the three point
vertices as shown in Figure 11. Using (3.52), this is given by
Σ2A3
1
−A3
1
= (IV ) + (V ) + (V I) + (V II) (4.135)
where,
(IV ) = −1
2
∞∑
n=2
∫
d2k
(2π
√
q)2
[(
4n(n − 1)(n − 2)
(2n − 1)(2n − 3)
)
(f(λn−1, β) − f(λn, β)) (4.136)
+
(
4n(n+ 1)(n − 1)
(2n− 1)(2n + 1)
)
(f(λn, β) − f(λn+1, β))
]
(V ) = −1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
(5) [(n) (f(γn−1, β)− f(γn, β)) + (n+ 1) (f(γn, β)− f(γn+1, β))] (4.137)
(V I) is same as the expression obtained for Φ31 case given by eqn. (4.104).
(V II) = −1
2
∞∑
n=0
∫
d2k
(2π
√
q)2
× (4.138)
×
[
(2n)
{(
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2
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1
2
(|k|2)2
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)
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2
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1
2
(|k|2)2
(γn + |k|2)2
)
f(γn, β)
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( |k|2
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(|k|2)2
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(|k|2)2
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)∑
m
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√
q
(2πm)2
+
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√
q
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√
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√
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√
q
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√
q
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(
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2
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)
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−
(
1− γn + |k|
2
γn−1 + |k|2 +
γn|k|2
(γn−1 + |k|2)2 −
γn|k|2
(γn + |k|2)2
)∑
m
β
√
q
(2πm)2
−
(
γn|k|2
(γn + |k|2) −
γn|k|2
(γn−1 + |k|2)
)∑
m
β3
√
q
(2πm)4
}
+
(
(n+ 1)(|k|2)2
2
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1
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1
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)∑
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√
q
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1
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1
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)∑
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√
q
(2πm)4
}
+
(
n(|k|2)2
2
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1
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1
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√
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√
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√
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√
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√
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)∑
m
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√
q
(2πm)4
}]
(4.139)
4.3.2 µ = 2, 3 : Bosons
We now compute the contribution with bosons in the loop for the two-point function for the A32. Due to
the underlying symmetry the amplitude for µ = 3 is same as the one for µ = 2. Using the vertices listed in
37
appendix (E.3) the contribution consisting of the four-point vertices as shown in Figure 12 is given by,
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′′
x)
ω2m + λn + |k|2
+
∑
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ij + P
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ij )

 δm′′+m˜′′ (2π)2δ2(k′′ + k˜′′) (4.140)
and the contributions from the three-point vertices as shown in Figure 13 is
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= −1
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√
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
 δm′′+m˜′′ (2π)2δ2(k′′ + k˜′′) (4.141)
where ωm′ = ωm − ωm′′ , k
′
= k − k′′ . At zero external momentum the various functions have the
following forms
G
(A32)
1 (n, n
′
, 0, 0) = δn,n′ , G
(A32)
2 (n, n
′
, 0, 0) =
1
2
δn,n′ , G˜
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(4.142)
In the above expressions kˆi = ki/
√
q. Using these vertices the various diagrams in Figures 12 and 13
reduce to
(I) =
1
2
N
∑
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∫
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(2π
√
q)2
(5 × 2) 1
ω2m + γn + |k|2
=
1
2
∞∑
n=0
∫
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(2π
√
q)2
(5× 2)f(γn, β) (4.143)
(II) =
1
2
N
∑
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∫
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(2π
√
q)2
(2)
1
ω2m + λn + |k|2
=
1
2
∞∑
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∫
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(2π
√
q)2
(2)f(λn, β) (4.144)
(III) =
1
2
N
∑
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∫
d2k
(2π
√
q)2
(2)
[
ω2m + γn
ω2m(ω
2
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+
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2
3
ω2m(ω
2
m + γn + |k|2)
]
=
1
2
∞∑
n=0
∫
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(2π
√
q)2
(2)
[(
1 +
1
2
|k|2
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)
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(
1− 1
2
|k|2
γn + |k|2
)∑
m
β
√
q
(2πm)2
]
(4.145)
so that
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Σ1A3
2
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2
= (I) + (II) + (III) (4.146)
Similarly,
Σ2A3
2
−A3
2
= (IV ) + (V ) + (V I) + (V II) (4.147)
where
(IV ) = −1
2
N
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4k22
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(V ) = −1
2
N
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(2π
√
q)2
(5)
4k22
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= −1
2
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√
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(
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(V I) = 0 (4.150)
(V II) = −1
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√
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A+Bω2m
(ω2m)(ω
2
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√
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)
f
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(
A
(γn + |k|2)2
)(
f(γn, β)−
∑
m
β
√
q
(2πm)2
)]
where
A = 2γ2n + 3γn|k|2 + |k|4
B = 2γn + 5|k|2
It is now not difficult to show that in the large n limit the full contribution to the two point amplitude
reduces to
Σ1A3
2
−A3
2
+Σ2A3
2
−A3
2
∼ 8N
∑
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∫
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(2π
√
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1
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2
(ω2m + 2nq + |k|2)2
]
(4.152)
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At zero temperature in the limit k >> nq the various O(1/|k|) contributions reduce to,
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√
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√
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√
q
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which adds up to
∼ 2
∑
n
∫
d2k
(2π
√
q)2
√
q
|k| . (4.154)
4.3.3 µ = 1 : Fermions
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Figure 14: Feynman diagrams involving three-point vertices V µf , V
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The contribution from fermions in the loop is given by
Σ3A3µ−A3µ = (−1)
µ2N
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where (−1)µ = +1 for µ = 2, 3 and (−1)µ = −1 for µ = 1. The propagators /P+ = iωmγ0 +
√
λ
′
nγ
1 +
k2γ
2 + k3γ
3 ; /P
′
+ = iωm′γ
0 +
√
λ
′
n′
γ1 + k
′
2γ
2 + k
′
3γ
3 and /P
′
− = −iω
′
mγ
0 +
√
λ
′
n′
γ1 − k′2γ2 − k
′
3γ
3. The
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momenta are related as, ωm′ = ωm − ωm′′ , k
′
= k− k′′ . The factor of 2 in front is due to the contributions
from the two sets of fermions (see eqn. E.211).
For zero external momenta (ωm′′ = ω˜m′′ = k
′′
= k˜
′′
= 0), we write down the amplitudes separately for
µ = 1 and µ = 2, 3 below.
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(2π
√
q)2


(
−ω2m +
√
λ′nλ
′
n−1 − |k|2
)
(ω2m + λ
′
n + |k|2)
(
ω2m + λ
′
n−1 + |k|2
) −
(
ω2m +
√
λ′nλ
′
n−1 + |k|2
)
(ω2m + λ
′
n + |k|2)
(
ω2m + λ
′
n−1 + |k|2
)
+
(
−ω2m +
√
λ′nλ
′
n+1 − |k|2
)
(ω2m + λ
′
n + |k|2)
(
ω2m + λ
′
n+1 + |k|2
) −
(
ω2m +
√
λ′nλ
′
n+1 + |k|2
)
(ω2m + λ
′
n + |k|2)
(
ω2m + λ
′
n+1 + |k|2
)

 (4.156)
Summing over the Matsubara frequencies we write down various contributions and using the form for
g(λ
′
n, β) given by (3.68), we get
Σ3A3
1
−A3
1
= 2
∞∑
n=1
∫
d2k
(2π
√
q)2
[{(√
n(n− 1) + (n− 1)
)
g(λ
′
n−1, β)−
(√
n(n− 1) + n
)
g(λ
′
n, β)
−
(√
n(n+ 1) + (n+ 1)
)
g(λ
′
n+1, β) +
(√
n(n+ 1) + n
)
g(λ
′
n, β)
}
−
{( √
(n− 1)√
n+
√
(n− 1)
)
g(λ
′
n−1, β) +
( √
n√
n+
√
(n− 1)
)
g(λ
′
n, β)
+
( √
(n+ 1)√
n+
√
(n+ 1)
)
g(λ
′
n+1, β) +
( √
n√
n+
√
(n+ 1)
)
g(λ
′
n, β)
}]
(4.157)
In the large n limit and at zero temperature (β →∞) the above contribution has the form
Σ3A3
1
−A3
1
∼ −2
∑
n
∫
d2k
(2π
√
q)2
1√
2n+ |k|2/q (4.158)
This is equal in magnitude to the contribution from bosons in the loop but with opposite sign thus
showing that the amplitude is ultraviolet finite. A similar analysis such as the one that was done for the
two-point amplitude for the Φ31 field at zero temperature and in the limit k >> nq can again be done here.
The O(1/|k|) contributions from the bosons and the fermions in the loop can be shown to cancel as done
exactly at the end of section (4.1).
4.3.4 µ = 2, 3 : Fermions
From eqn. (4.155) we can now write down the contribution from the fermions in the loop for µ = 2, 3
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Σ3A3µ−A3µ = −8N
∑
m,n
∫
d2k
(2π
√
q)2
ω2m + λ
′
n
(ω2m + λ
′
n + |k|2)2
(4.159)
Now summing over the Matsubara frequencies we arrive at the following expressions
Σ3A3µ−A3µ = −8
∞∑
n=1
∫
d2k
(2π
√
q)2
[
g(λ
′
n, β) + |k|2g
′
(λ
′
n, β)
]
(4.160)
where g(λ
′
n, β) is defined in (3.68). From this the zero temperature contribution in the large n limit is
Σ3A3µ−A3µ ∼ −4
∑
n
∫
d2k
(2π
√
q)2
2n
(2n + |k|2/q)3/2
(4.161)
Thus confirming the cancellation with the contribution from bosons in the loop. Similarly we can expand
the integrand at zero temperature and in the limit k >> nq, which gives
Σ3A3µ−A3µ ∼ −2
∑
n
∫
d2k
(2π
√
q)2
√
q
|k| . (4.162)
Comparing with (4.154) we see similar convergence of the full amplitude for large k with nq fixed.
5 Numerical Results
This section is devoted to study the two-point functions for the massless as well as the Tachyon fields
numerically. The analytical expressions for the two-point amplitudes derived in the previous sections can
be reduced to the case of intersecting D2 branes by setting one of the momenta transverse to the x direction
as zero. However here we restrict ourselves only to the case of intersecting D3 branes. We give the numerical
results for the tree-level massless modes and the Tachyon in separate subsections. As explained before the
corrections to the masses for the tree-level massless modes are needed to cure the the infrared divergences
in the Tachyon two-point amplitude. The computations are done for the Yang-Mills coupling, g2 = 1/100.
5.1 Numerical Results: Tree-level massless modes
In this section we discuss the numerical computation of the two-point functions for the modes that are
massless at tree-level, namely the Ψ ≡ (Φ31,Φ3I (I = 2, · · · , 6), A31 and A3i (i = 2, 3)) fields. The corresponding
analytical results are given in section 4. Explicit analytical computations are done for I = 2 and i = 2 in
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the earlier sections. Because of the remaining SO(5) and SO(2) symmetries the two point functions for
other values of I and i are the same.
The small |k| expansions of the integrands in the two point functions, g2(Σ1Ψ−Ψ + Σ2Ψ−Ψ + Σ3Ψ−Ψ) (as
functions of |k|) for the various fields at zero temperature are as follows
Φ31 : 0.0196642 − 0.00164676 |k|2/q +O((|k|2/q)2) (5.163)
Φ3I : 0.0317415 − 0.0254426 |k|2/q +O((|k|2/q)2) (I = 2, · · · , 6) (5.164)
A31 : 0.0249911 − 0.00457901 |k|2/q +O((|k|2/q)2) (5.165)
A3i : 0.0317415 − 0.0508852 |k|2/q +O((|k|2/q)2) (i = 2, 3) (5.166)
The leading terms in the above expansions gives the zero temperature corrections for the intersecting
D1 branes. Also note that the leading terms for Φ3I and A
3
i are the same as in 1+1 dimensions A
3
i combine
with Φ3I into a SO(7) multiplet.
It has been shown that in the large |k| limit, the contribution to the two-point functions from the bosons
and fermions in the loop cancel each other. Thus the amplitude is finite in large |k|. For each of the fields
this has been shown towards the end of sections 4.1, 4.2 and 4.3. The zero temperature quantum corrections
computed numerically gives the following values for the masses, m2/q
Φ31 : 0.0391796 Φ
3
I : 0.0182371 A
3
1 : 0.0373535 A
3
2 : 0.0000239 (5.167)
The numerical plots for the various fields at finite temperature are shown in the Figures 15 to 22.
At finite temperature there are two dimensionful parameters q, T . The one loop mass2 corrections go as
m2 = qf(T/
√
q). For T/
√
q >> 1 we expect the m2 to go as T 2 in 3 + 1 dimensions. To see this explicitly
using the standard scaling arguments consider a simple representative of the temperature dependent part
of the amplitudes for the tree-level massless fields,
Σ2massless(β) = q
∑
n
∫
d2k
(2π
√
q)2
√
q√|k|2 + λn
1
eβ
√
|k|2+λn − 1
(5.168)
Let us now rescale the momenta as k
′
= βk. Further the the term β2λn in the exponent, in the limit
β2q → 0 can be replaced by a continuous variable, say l′2. Thus replacing
∑
n
→ 1
β
∫
dl
′
(2π
√
q)
(5.169)
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we may write (5.168) as
Σ2massless(β) ∼
1
β2
∫
d2k
′
dl
′
(2π)3
1√
|k|′2 + l′2
1
e
√
|k|′2+l′2 − 1
(5.170)
The integrals are independent of β and hence we expect the T 2 behaviour. This assumes that the
momentum limits in (5.168) go from zero to infinity. In the numerics however we have to work with finite
limits on the momenta. The plots as shown in the figures here are for |k|/√q integrated over 0 to 1000 and
n is summed over up to 10.
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5.2 Numerical Results: Tachyon
The tachyon two-point one-loop amplitude has various massless fields propagating in the loop. As discussed
earlier, to regulate the infrared divergences due to the massless fields we incorporate the one-loop corrected
masses for the tree-level massless fields. The behaviour of these masses as a function of temperature is
computed numerically in the previous section. Here however in the study of the behaviour of the tachyon
mass as a function of temperature, to simplify the numerical computation, we take fixed non-zero values for
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masses of the fields. This mass2/q value is chosen to be 3.14 for all the fields Φ31,Φ
3
I , A
3
1, A
3
i . The numerical
plot for the tachyon mass including the tree-level mass2/q = −1 is as follows
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There exists a critical temperature Tc, where the one-loop effective mass of the tree-level tachyon is zero.
In the plots (23) and (24), the critical value of
√
qβ namely
√
qβc = 0.062 or the critical temperature
Tc√
q =
15.96. The zero temperature quantum correction for the tachyon mass-squared is found to be m20tach/q =
0.259. This behaviour bears the hallmark of a phase-transition. In the brane picture the mass squared
becoming positive indicates the dissolution of the tachyonic mode, by way of which stability is achieved.
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This is also analogous to the transition from the superconducting BCS phase to the normal phase as studied
in [1, 2].
Following the scaling arguments similar to that for the massless fields we here too we expect a T 2
behaviour for the tachyon mass for T >>
√
q. However note that the plot in fig (24) is almost linear in
T√
q which is a deviation from the T
2 behaviour. This is an artifact of the numerical computation. The T 2
behaviour and the scalings of the momenta are valid for infinite sums and integrals. In order to perform the
the numerical calculations, due to technical limitations we had to simplify the computations by summing
and integrating over relatively small range for the momenta, namely n, l, k ∼ 0− 10. For sufficiently large
range of momentum sums and integrations, the T 2 behaviour can presumably be reproduced in the numerics.
6 Discussion and Summary
In this paper we have computed the one-loop correction to the tachyon mass for the intersecting D3 branes
at finite temperature. The calculation is extension of our previous work [1], wherein a similar computation
was done for the case of intersecting D1 branes when the Yang-Mills approximation is valid. The underlying
N = 4 Super Yang-Mills for the case of D3 branes makes the theory finite in the ultraviolet. Nevertheless
we have explicitly shown that all the one-loop amplitudes computed in the paper are finite in the UV. The
intersecting brane configuration breaks the spatial SO(3) invariance and the straight intersecting branes
implies that in the Yang-Mills approximation the background values of Φ31 is linear in x. The momentum
modes along x direction for the fields that couple to this background are thus discretized and are labeled as
n. We have shown the finiteness in the UV for large n irrespective of the values of the momentum |k| in the
other directions for all the one-loop amplitudes computed in the paper. Further for the one-loop amplitudes
for the tree-level massless fields we have shown that for fixed n the amplitudes are finite for large values of
|k|.
The infrared divergence appearing in the one-loop tachyon amplitudes are of two kinds. Ones that
appear as artifacts of the Aa0 = 0 gauge can be removed prescriptions as discussed in [40]-[43]. The genuine
infrared divergences appearing from massless modes in the loop are cured by using the one-loop corrected
propagator that incorporates the one-loop masses for the tree-level massless fields. Finally the amplitudes
are all finite both in the infrared as well as in the ultraviolet.
It can be seen that the analytic expressions for the amplitudes obtained in the paper reduce to the ones
for the D1 branes. Similarly one can easily find the corresponding expressions for the case of intersecting
D2 branes as well by setting one of the momentum modes transverse to the x direction to zero. In this
paper we have only presented here the numerical results for the case of D3 branes. It is shown that all the
masses including the Tachyon mass grows as T 2 as expected. From the numerics we have found the critical
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temperature Tc when the Tachyon becomes massless. Thus for temperatures above the critical temperature
the intersecting configuration is favoured. Although the configuration of intersecting branes here is in flat
space the results obtained in this simplified model is consistent with the strong coupling BCS holographic
model proposed in [2]. It was shown in [2] that at zero temperature there exists solutions in the Yang-Mills
approximation which correspond to breaking of U(1) symmetry thus signaling condensate formation and
the brane configuration is smoothed out.
The existence of the critical temperature denotes a phase transition. To analyze the nature of the
transition at lower temperatures one needs to analyze the full tachyon potential. This knowledge would
in turn shed light on the the BCS transition in the dual theory. In the following we conclude with some
observations on the effective potential. Here we restrict ourselves to the case of D3 branes. In the Yang-Mills
approximation, from the point of view of (2+1)D, the modes C(m,n,k) have masses (2n−1)q. Thus there
is an infinite tower of states including the Tachyon with masses proportional to q. In this scenario it might
appear that the notion of Tachyon effective action obtained by integrating out massive modes is ill-defined.
There have however been extensive studies of Tachyon effective action in open string theory where the
effective actions were proposed from the consistency with world-sheet conformal field theory (see [44] for
review). Similar techniques should be employed for the construction and further study of effective potential
in the present case. For approaches along these directions see [34]-[39]. It would further be interesting to
generalize such potential to the case of finite temperature and for nontrivial background geometries.
Alternatively from the point of view of (3 + 1)D the discrete n-modes are momenta for the field ζ(z)
(see eqn (2.16)) along the x direction. We can thus construct a (3 + 1)D effective action for the field ζ(z).
This in the zero external-momentum limit including n = 0 reduces to the potential in terms of only the
C(0, 0, 0) modes. This potential in principle be computed using perturbative techniques utilized in the
paper and would involve computation of N -point amplitudes for the C(0, 0, 0) modes. Compared to the
effective potential in the (2 + 1)D theory this would thus give the effective potential when all the modes
with positive mass-squared are set to zero i.e. the massive modes only appear in loops. This is exactly what
is done in this paper. Here for simplicity we have ignored
〈
C(0, n, 0)C(0, n
′
, 0)
〉
, amplitudes for n 6= n′ .
Nevertheless computation of an effective potential only in terms of C(0, 0, 0) for the (3+1)D theory should
be interesting in its own right.
Acknowledgments:
We would like to thank Balachandran Sathiapalan for useful discussions and suggestions. V.S. acknowledges
CSIR, India, for support through JRF grant. The work of S.P.C. is supported in part by the DST-Max
Planck Partner Group “Quantum Black Holes” between IOP Bhubaneswar and AEI Golm. The work of
S.S. is partially supported by the Research and Development Grant, University of Delhi.
A Summary of notations
Constants
q Slope of intersecting brane configuration
β Inverse of temperature T
g2 Yang-Mills coupling constant
Variables
ωm = (2mpi/β); ((2m+ 1)pi/β) Matsubara Frequencies, (Bosons);(Fermions)
lˆ = l/
√
q Continuous momentum along 1(x) direction
n Discrete momentum along 1(x) direction
k ≡ (k2, k3) Momentum along directions 2 and 3
kˆi = ki/
√
q Dimensionless momentum
Eigenvalues
λn (2n− 1)q
γn (2n+ 1)q
λ
′
n 2nq
Normalizations
N
√
q/β
N (n) 1√√
pi2n(4n2−2)(n−2)!
N˜ (n) 1√√
pi2n(4n−2)(n−1)!
N ′(n) 1√√
pi2nn!
NF (n) 1√√
pi2n+1(n−1)!
Table 1: Constants and normalizations.
Matsubara Sums [45] (Also see Appendix F of [1])
Sum over bosonic frequencies:
f(γn, β) = N
∑
m
1
ω2m + γn + |k|2
=
√
q√
γn + |k|2
(
1
2
+
1
eβ
√
γn+|k|2 − 1
)
(A.171)
Sum over fermionic frequencies:
g(λ
′
n, β) = N
∑
m
1
ω2m + λ
′
n + |k|2
=
√
q√
λ′n + |k|2
(
1
2
− 1
eβ
√
λ′n+|k|2 + 1
)
(A.172)
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B Dimensional Reduction
Following [46] and [47] we give below the details of the dimensional reduction of D = 10, N = 1 to D = 4.
The action for D = 10, N = 1 SYM 1,
S10 =
1
g2
tr
∫
d10x
[
−1
2
FMNF
MN − iΨ¯ΓMDMΨ
]
(B.173)
FMN = ∂MAN − ∂NAM + i [AM , AN ] (B.174)
DMΨ = ∂MΨ+ i [AM ,Ψ] (B.175)
where M,N = 0, · · ·9 with AM = σa2 AaM , Ψ = σ
a
2 Ψ
a
M and,
[
σa
2
,
σb
2
]
= iǫabc
σc
2
;
1
2
tr
(
σaσb
)
= δab (B.176)
To proceed with the reduction, the gamma-matrices are first decomposed as,
Γµ = γµ ⊗
(
I4 0
0 −I4
)
; Γ3+i = γ5 ⊗
(
ρi 0
0 ρ
′
i
)
i = 1, 2, 3
ρ1 = ρ
′
1 = γ
0 ; ρ2 = ρ
′
2 = γ
5 ; ρ3 = −ρ′3 = γ0γ5. (B.177)
Γ6+i = I4 ⊗
(
0 ζi
ζi 0
)
i = 1, 2, 3 (B.178)
ζ1 = γ
1 ζ2 = γ
2 ζ3 = γ
3 (B.179)
In this representation,
Γ11 = Γ0 · · ·Γ9 = I4 ⊗
(
0 ρ3
−ρ3 0
)
(B.180)
with Γ11Ψ = Ψ
and
Ψ =
(
λ
−ρ3λ
)
(B.181)
1We will use the metric diagonal(−1,+1, · · · ,+1).
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The dimensionally reduced action can now be written as,
S4 = S
1
4 + S
2
4 (B.182)
where the Bosonic part if the action is,
S14 =
1
g2
tr
∫
d4x
[
−1
2
FµνF
µν −DµΦIDµΦI −DµΦ˜IDµΦ˜I + 1
2
(
[ΦI ,ΦJ ]
2 + [Φ˜I , Φ˜J ]
2 + 2[ΦI , Φ˜J ]
2
)]
(B.183)
and the Fermionic part is,
S24 =
1
g2
tr
∫
d4x
[
−iλ¯kγµDµλk + λ¯k[(αIklΦI + βIklγ5Φ˜), λl]
]
(B.184)
The α and β matrices satisfy
{αI , αJ} = {βI , βJ} = −2δIJ [αI , βJ ] = 0 (B.185)
An explicit representation of these matrices is given by the following
α1 =
(
0 σ1
−σ1 0
)
α2 =
(
0 σ3
−σ3 0
)
α3 =
(
iσ2 0
0 iσ2
)
(B.186)
β1 =
(
0 iσ2
iσ2 0
)
β2 =
(
0 1
−1 0
)
β3 =
( −iσ2 0
0 iσ2
)
(B.187)
We end this section by writing down the explicit forms of the 4D γ-matrices
γ0 =
(
0 iσ2
iσ2 0
)
γ1 =
(
0 −σ3
−σ3 0
)
γ2 =
(
0 −σ1
−σ1 0
)
γ3 =
(
I2 0
0 −I2
)
(B.188)
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C Propagators and Vertices for computation of two point
C(m,n,k) amplitude
C.1 Bosons
Propagator for C(m,n,k) field:
〈
C(m,n,k)C(m
′
, n
′
,k
′
)
〉
= qg2
δm,−m′ δn,n′ (2π)
2δ2(k+ k
′
)
ω2m + λn + |k|2
(C.189)
Propagator for the Φ
(1,2)
I (I = 2, 3) and Φ˜
(1,2)
J (J = 1, 2, 3) fields are identical and are given by:
〈
Φ
(1,2)
I (m,n,k)Φ
(1,2)
I (m
′
, n
′
,k
′
)
〉
= qg2
δm,−m′ δn,n′ (2π)
2δ2(k+ k
′
)
ω2m + γn + |k|2
(C.190)
Propagator for the Φ3I/Φ˜
3
I/ fields for I = 1, 2, 3:
〈
Φ3I(m, l,k)Φ
3
I(m
′
, l
′
,k
′
)
〉
= qg2
δm,−m′ 2πδ(l + l
′
)(2π)2δ2(k+ k
′
)
ω2m + l
2 + |k|2 (C.191)
Propagator for the A˜2i and A˜
1
i fields (i = 1, 2, 3):
(qg2)P abij :
〈
A˜ai (m,n,k)A˜
b
j(−m,n,−k)
〉
=
qg2
k2
(
δij − kikj
k20
)
δab (a, b = 1, 2) (C.192)
where, k2 = ω2m + γn + |k|2, k0 = iωm and kx =
√
γn.
Propagator for the A3i fields (i = 1, 2, 3):
(qg2)P 33ij :
〈
A˜3i (m, l,k)A˜
3
j (−m,−l,−k)
〉
=
qg2
k2
(
δij − kikj
k20
)
(C.193)
where, k2 = ω2m + l
2 + |k|2, k0 = iωm.
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PSfrag replacements
C(m,n,k) C(m
′
, n
′
,k
′
)
C(m
′′
, n
′′
,k
′′
) C(m˜
′′
, n˜
′′
, k˜
′′
)
V1
V1 = − N2qg2F1(n, n
′
, n
′′
, n˜
′′
)(2pi)2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
F1(n, n
′
, n
′′
, n˜
′′
) =
√
q
∫
dx[φn(x)φn′ (x)An′′ (x)An˜′′ (x) + An(x)An′ (x)φn′′ (x)φn˜′′ (x)]
PSfrag replacements
C
′
(m,n,k) C
′
(m
′
, n
′
,k
′
)
C(m
′′
, n
′′
,k
′′
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, n˜
′′
, k˜
′′
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V
′
1
V
′
1 = − N2qg2F
′
1(n, n
′
, n
′′
, n˜
′′
)(2pi)2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
F
′
1(n, n
′
, n
′′
, n˜
′′
) = 2
√
q
∫
dx[An(x)φn′ (x)φn′′ (x)An˜′′ (x) + φn(x)An′ (x)φn′′ (x)An˜′′ (x)]
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F˜1(n, n
′
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′′
, n˜
′′
) = −√q ∫ dx[φ˜n+1(x)φ˜n′+1(x)An′′ (x)An˜′′ (x)
+A˜n+1(x)A˜n′+1(x)φn′′ (x)φn˜′′ (x)]
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A˜11(m,n,k) A˜
1
1(m
′
, n
′
,k
′
)
C(m
′′
, n
′′
,k
′′
) C(m˜
′′
, n˜
′′
, k˜
′′
)
V˜
′
1
V˜
′
1 = − N2qg2 F˜
′
1(n, n
′
, n
′′
, n˜
′′
)(2pi)2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
F˜
′
1(n, n
′
, n
′′
, n˜
′′
) = −2√q ∫ dx[A˜n+1(x)φ˜n′+1(x)φn′′ (x)An˜′′ (x)
+A˜n+1(x)A˜n′+1(x)φn′′ (x)φn˜′′ (x)]
PSfrag replacements
Φ1I/Φ˜I
1
Φ1I/Φ˜
1
I
C(m
′′
, n
′′
,k
′′
) C(m˜
′′
, n˜
′′
, k˜
′′
)
V 12
V 12 = − N2qg2F 12 (n, n
′
, n
′′
, n˜
′′
)(2pi)2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
F 12 (n, n
′
, n
′′
, n˜
′′
) =
√
q
∫
dxe−qx
2
[An′′ (x)An˜′′ (x)] [Hn(x)Hn′ (x)]
We also have additional vertices as V 12 for the A
1
i (i 6= 1) fields in place of
Φ1I/Φ˜I
1
fields.
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PSfrag replacements
Φ2I/Φ˜I
2
Φ2I/Φ˜
2
I
C(m
′′
, n
′′
,k
′′
) C(m˜
′′
, n˜
′′
, k˜
′′
)
V 22
V 22 = − N2qg2F 22 (n, n
′
, n
′′
, n˜
′′
)(2pi)2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
F 22 (n, n
′
, n
′′
, n˜
′′
) =
√
q
∫
dxe−qx
2
[φn′′ (x)φn˜′′ (x)] [Hn(x)Hn′ (x)]
We also have additional vertices as V 22 for the A
2
i (i 6= 1) fields in place of
Φ2I/Φ˜I
2
fields.
PSfrag replacements
Φ3I/Φ˜I
3
Φ3I/Φ˜
3
I
C(m
′′
, n
′′
,k
′′
) C(m˜
′′
, n˜
′′
, k˜
′′
)
V 32
V 32 = − N2qg2F 32 (l, l
′
, n
′′
, n˜
′′
)(2pi)2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
F 32 (l, l
′
, n
′′
, n˜
′′
) =
√
q
∫
dx [An′′ (x)An˜′′ (x) + φn′′ (x)φn˜′′ (x)]
[
e−ilxe−il
′
x
]
We also have additional vertices as V 32 for the A
3
i (i 6= 1) fields in place of
Φ3I/Φ˜I
3
fields.
PSfrag replacements
A31(m, l,k) A
3
1(m
′
, l
′
,k
′
)
C(m
′′
, n
′′
,k
′′
) C(m˜
′′
, n˜
′′
, k˜
′′
)
V3
V3 = − N2qg2F3(l, l
′
, n
′′
, n˜
′′
)(2pi)2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
F3(l, l
′
, n
′′
, n˜
′′
) =
√
q
∫
dx [φn′′ (x)φn˜′′ (x)]
[
e−ilxe−il
′
x
]
PSfrag replacements
Φ31(m, l,k) Φ
3
1(m
′
, l
′
,k
′
)
C(m
′′
, n
′′
,k
′′
) C(m˜
′′
, n˜
′′
, k˜
′′
)
V
′
3
V
′
3 = − N2qg2F
′
3(l, l
′
, n
′′
, n˜
′′
)(2pi)2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
F
′
3(l, l
′
, n
′′
, n˜
′′
) =
√
q
∫
dx [An′′ (x)An˜′′ (x)]
[
e−ilxe−il
′
x
]
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PSfrag replacements
C(m
′′
, n
′′
,k
′′
)
C
′
(m,n,k)
A3i (m
′
, l
′
,k
′
)
V i4
V i4 = −N
3/2
qg2
βF i4(n, l
′
, n
′′
)(2pi)2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
for (i = 1, 2, 3)
F 14 (n, l
′
, n
′′
) =
∫
dx [φn(x)∂xφn′′ (x)− φn′′ (x)∂xφn(x)
+φn(x)An′′ (x)(qx)− An(x)φn′′ (x)(qx)] e−il
′
x
F i4(n, l
′
, n
′′
) =
∫
dxi(ki − k′′i ) [An(x)An′′ (x) + φn(x)φn′′ (x)] e−il
′
x
for (i = 2, 3)
        
PSfrag replacements
C(m
′′
, n
′′
,k
′′
)
Φ1I(m,n,k)
Φ3I(m
′
, l
′
,k
′
)
V5
V5 = −N3/2qg2 βF5(n, l
′
, n
′′
)(2pi)2δ2(k + k
′
+ k
′′
)δm+m′+m′′
F5(n, l
′
, n
′′
) =
∫
dx [An′′ (x)∂xHn(x)− (qx)An′′ (x)Hn(x)
+ (il
′
)An′′ (x)Hn(x)− (qx)φn′′ (x)Hn(x)
]
e−qx
2/2e−il
′
xN ′(n)
        
PSfrag replacements
C(m
′′
, n
′′
,k
′′
)
C(m,n,k)
Φ31(m
′
, l
′
,k
′
)
V 15
V 15 = −N
3/2
qg2
βF 15 (n, l
′
, n
′′
)(2pi)2δ2(k + k
′
+ k
′′
)δm+m′+m′′
F 15 (n, l
′
, n
′′
) =
∫
dx
[
(il
′
)φn′′ (x)An(x) + (il
′
)An′′ (x)φn(x)
+ ∂xφn′′ (x)An(x) + ∂xφn(x)An′′ (x) + 2(qx)An(x)An′′ (x)] e
−il′x
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PSfrag replacements
C(m
′′
, n
′′
,k
′′
)
A˜2i (m,n,k)
Φ31(m
′
, l
′
,k
′
)
V˜ i5
V˜ i5 = −N
3/2
qg2
βF˜ i5(n, l
′
, n
′′
)(2pi)2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
for (i = 1, 2, 3)
F˜ 15 (n, l
′
, n
′′
) = i
∫
dx
[
(il
′
)φn′′ (x)A˜n+1(x) + (il
′
)An′′ (x)φ˜n+1(x)
+∂xφn′′ (x)A˜n+1(x) + ∂xφ˜n+1(x)An′′ (x) + 2(qx)An′′ (x)A˜n+1(x)
]
e−il
′
x
F˜ i5(n, l
′
, n
′′
) = i
∫
dx
[
(k
′′
i − k′i)φn′′ (x)Hn(x)
]
e−qx
2/2e−il
′
xN ′(n)
for (i = 2, 3)
        
PSfrag replacements
C(m
′′
, n
′′
,k
′′
)
A˜1i (m,n,k)
A3j(m
′
, l
′
,k
′
)
V˜ ij5
V˜ ij5 = −N
3/2
qg2
βF˜ ij5 (n, l
′
, n
′′
)(2pi)2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
F˜ 115 (n, l
′
, n
′′
) = −i ∫ dx [An′′ (x)φ˜n+1(x)(qx)− φn′′ (x)A˜n+1(x)(qx)
+∂xφn′′ (x)φ˜n+1(x)− ∂xφ˜n+1(x)φn′′ (x)
]
e−il
′
x
F˜ i15 (n, l
′
, n
′′
) = i
∫
dx
[
(k
′′
i − k′i)An′′ (x)Hn(x)
]
e−qx
2/2e−il
′
xN ′(n)
for (i = 2, 3)
F˜ 1i5 (n, l
′
, n
′′
) =
∫
dx(ki − k′′i )
[
An′′ (x)A˜n+1(x) + φn′′ (x)φ˜n+1(x)
]
×
× e−il′x for (i = 2, 3)
F˜ ij5 (n, l
′
, n
′′
) = δij
∫
dx
[
(il
′
)An′′ (x)Hn(x)e
−qx2/2
+∂x(e
−qx2/2Hn(x))An′′ (x)− (qx)φn′′ (x)e−qx
2/2Hn(x)
]
e−il
′
xN ′(n)
(i, j = 2, 3)
C.2 Fermions
The terms in the action (B.184) that contain C(m,n,k) are
1
g2
tr
∫
d4z
(
λ¯I [α
1
IJΦ1, λJ ] + λIγ
1[A1, λI ]
)
(C.194)
=
i
2g2
∫
d4z
(
λ¯24Φ
1
1λ
3
1 + λ¯
3
1Φ
1
1λ
2
4 + λ¯
1
1γ
1A21λ
3
1 − λ¯31γ1A21λ11
)
+ · · ·
where · · · contain other similar terms involving the other three sets (λ12, λ23), (λ13, λ22), (λ14, λ21). Inserting
the mode expansions of the fields we can rewrite the action as
∑
m,m′ ,m′′
∑
n,n′
∫
d2k
(2π
√
q)2
d2k
′
(2π
√
q)2
d3k
′′
(2π
√
q)3
× (C.195)
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×
[
λ¯31(m
′′
, k
′′
)Vf (n, n
′
, k
′′
x)θ1(m
′
, n
′
,k
′
)C(m,n,k) + θ¯1(m
′
, n
′
,k
′
)V ∗f (n, n
′
, k
′′
x)λ
3
1(m
′′
, k
′′
)C(m,n,k) + · · ·
]
The required vertices are now identified as
        
PSfrag replacements C(m,n,k)
θ1(m
′
, n
′
,k
′
)
λ¯31(m
′′
, k
′′
x ,k
′′
)
Vf
Vf = i
N
qg2
γ1F6(n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′ − k′′)δm+m′−m′′
F6(n, n
′
, k
′′
x) =
√
q
∫
dx (Ln′ (x)An(x) +Rn′ (x)φn(x)) e
ik
′′
x x
        
PSfrag replacements C(m,n,k)
θ¯1(m
′
, n
′
,k
′
)
λ31(m
′′
, k
′′
x ,k
′′
)
V ∗f
V ∗f = −i Nqg2γ1F ∗6 (n, n
′
, k
′′
x)(2pi)
2δ2(k− k′ + k′′)δm−m′+m′′
F ∗6 (n, n
′
, k
′′
x) =
√
q
∫
dx
(
L∗
n
′ (x)An(x) +R
∗
n
′ (x)φn(x)
)
e−ik
′′
x x
and similarly there are three other sets of vertices coming from the other terms in the action.
D Modified propagators and Tachyon amplitude
As mentioned before for the Φ3I fields the mass terms in the propagators in the loop are easy to implement.
We thus focus on the A3i fields.
We first give some details of derivation of the corrected propagator for the A3i fields. The one-loop
effective action is
− 1
2qg2
∫
dkxd
2k
(2π
√
q)3
∑
m
[
A˜3i (m,k)OijA˜3j (−m,−k)
]
(D.196)
where
Oij = (k2 +m22)δij − (1− a)kikj ++bkx(uikj + ujki) + (m21 −m22 + c(kx)2)uiuj (D.197)
Here (i, j = 1, 2, 3), k2 = (ω2m + k
2
x + k
2) and ui ≡ (1, 0, 0). The inverse of the operator Oij can be
written in terms of the tensors δij , kikj , uikj + ujki and uiuj . We thus write the inverse as
57
(O−1)ij = Aδij +Bkikj + C(uikj + ujki) +Duiuj (D.198)
Demanding that Oik (O−1)kj = δij and noting that u.u = 1 and u.k = kx we get the following equations
A(k2 +m22) = 1 ; A(a− 1) +Bx+ Cy = 0 ; A(m21 −m22 + c(kx)2) + Cw +Dz = 0
Abkx +Bw + Cz = 0 ; Abkx + Cx+Dy = 0 (D.199)
where
x = ω2m + (a+ b)(kx)
2 + a|k|2 +m22 ; y = (a+ b− 1)kx ; w = kx((b+ c)(kx)2 + |k|2 +m21 −m22)
z = ω2m + (b+ c+ 1)(kx)
2 + |k|2 +m21). (D.200)
It can be checked that the equations (D.199) are not all independent. The solution to these equations
can be easily worked out which in turn gives the desired propagator. For the case when a = b = c = 0 the
explicit form that is used in the calculations is given by
A = A ; B = AB ; C = ABC ; D = ABD (D.201)
where, the functions A, B, C and D are given by
A =
1
k2 +m22
; B =
(
k2 +m21
k2 +m21 +m
2
2
) 1
ω2m +
k2xm
2
1
+|k|2m2
2
+m2
1
m2
2
k2+m2
1
+m2
2


C =
kx
(
m22 −m21
)
k2 +m21
; D =
(
m22 −m21
)(ω2m +m22
k2 +m21
)
(D.202)
We now write down parts of the modified tachyon amplitude that essentially contains the A3i fields
propagating in the loop. Writing kx = l
(IV )) =
1
2
N
∑
m
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
F 32 (0, 0, l,−l)
) [ 5
(ω2m + l
2 + |k|2 +m2ΦI )
+
[
2A+B|k|2]
]
(D.203)
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(V ) =
1
2
N
∑
m
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
F
′
3(0, 0, l,−l)
) [
A+Bl2 + 2Cl +D
]
(D.204)
(V II) = −1
2
N
∑
m,n
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
[(
qF 14 (0, n, l)F
1
4 (0, n,−l)
) [A+Bl2 + 2Cl +D
(ω2m + λn + |k|2)
]
+
(
−F˜4(0, n, l)F˜4(0, n,−l)
) [ |k|2(A+B|k|2)
(ω2m + λn + |k|2)
]
+
(
2
√
qF 14 (0, n, l)F˜4(0, n,−l)
) [ |k|2(Bl + C)
(ω2m + λn + |k|2)
]]
(D.205)
(XI) = −1
2
Nq
∑
m,n
∫
dl
(2π
√
q)
∫
d2k
(2π
√
q)2
(
1
(ω2m)(ω
2
m + γn + |k|2)
)
×
×
[(
F˜ 115 (0, n, l)F˜
11
5 (0, n,−l)
)
(ω2m + γn)(A+Bl
2 + 2Cl +D)
+
(
−2F˜ 115 (0, n, l)F˜5(0, n,−l)
) (√
γn|k|2
)
(Bl + C)
+
(
−(2/√q)F˜ 115 (0, n, l)F˜1
′
5 (0, n,−l)
) (|k|2(ω2m + γn)) (Bl + C)
+
(
2
√
(2n + 1)F˜ 115 (0, n, l)F˜15 (0, n,−l)
) (|k|2(A+Bl2 + 2Cl +D))
+
(
−F˜15 (0, n, l)F˜15 (0, n,−l)
) (
(|k|2/q)(ω2m + |k|2)(A+Bl2 + 2Cl +D)
)
+
(
F˜1′5 (0, n, l)F˜1
′
5 (0, n,−l)
) (
(|k|2/q)(ω2m + γn)(A+B|k|2)
)
+
(
(2/
√
q)
√
(2n + 1)F˜15 (0, n, l)F˜1
′
5 (0, n,−l)
) (|k|2)2 (Bl + C)
+
(
(2/
√
q)F˜5(0, n, l)F˜15 (0, n,−l)
) (|k|2(ω2m + |k|2)(Bl + C))
+
(
−2
√
(2n + 1)F˜5(0, n, l)F˜1′5 (0, n,−l)
) (|k|2(A+B|k|2))
+
(
F˜5(0, n, l)F˜5(0, n,−l)
) (
A(2(ω2m) + |k|2) +B|k|2(ω2m + |k|2)
)]
(D.206)
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E Vertices for computation of two point amplitudes for Φ31,2
and A3µ fields
E.1 Φ31 vertices
PSfrag replacements
Φ
(1,2)/
I /Φ˜
(1,2)
I Φ
(1,2)
I /Φ˜
(1,2)
I
Φ31(m
′′
, n
′′
,k
′′
) Φ31(m˜
′′
, n˜
′′
, k˜
′′
)
V
(1)
1
V
(1)
1 = − N2qg2G(1)1 (n, n
′
, k
′′
x, k˜
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G
(1)
1 (n, n
′
, k
′′
x, k˜
′′
x) =
√
q
∫
dx[e−qx
2
Hn(x)Hn′ (x)]e
−(k′′x+k˜
′′
x )x
PSfrag replacements
C/C
′
(m,n,k) C/C
′
(m
′
, n
′
,k
′
)
Φ31(m
′′
, n
′′
,k
′′
) Φ31(m˜
′′
, n˜
′′
, k˜
′′
)
V
(1)
2
V
(1)
2 = − N2qg2G(1)2 (n, n
′
, k
′′
x, k˜
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G
(1)
2 (n, n
′
, k
′′
x, k˜
′′
x) =
√
q
∫
dx[An(x)An′ (x)]e
−(k′′x+k˜
′′
x )x
PSfrag replacements
A˜
(1,2)
2,,3 /A˜
(1,2)
1 A˜
(1,2)
2,,3 /A˜
(1,2)
1
Φ31(m
′′
, n
′′
,k
′′
) Φ31(m˜
′′
, n˜
′′
, k˜
′′
)
V˜
(1)ij
2
V˜
(1)ij
2 = − N2qg2 G˜(1)ij2 (n, n
′
, k
′′
x, k˜
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G˜
(1)11
2 (n, n
′
, k
′′
x, k˜
′′
x) = −
√
q
∫
dx[A˜n+1(x)A˜n′+1(x)]e
−(k′′x+k˜
′′
x )x
G˜
(1)ij
2 (n, n
′
, k
′′
x, k˜
′′
x) =
√
q
∫
dx[e−qx
2
Hn(x)Hn′ (x)]e
−(k′′x+k˜
′′
x )xδij for i, j = 2, 3
        
PSfrag replacements
Φ31(m
′′
, k
′′
x ,k
′′
)
C/C
′
(m,n,k)
C/C
′
(m
′
, n
′
,k
′
)
V
(1)
3
V
(1)
3 = −N
3/2
qg2
βG
(1)
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k + k
′
+ k
′′
)δm+m′+m′′
G
(1)
3 (n, n
′
, k
′′
x) =
∫
dx
[
∂xφn(x)An′ (x) + ik
′′
xφn(x)An′ (x)+
(qx)An(x)An′ (x)] e
−ik′′xx
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PSfrag replacements Φ
3
1(m
′′
, k
′′
x ,k
′′
)
C/C
′
(m,n,k)
A˜
(1,2)
2,3 /A˜
(1,2)
1
V˜
(1)i
3
V˜
(1)i
3 = −N
3/2
qg2
βG˜
(1)i
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G˜
(1)1
3 (n, n
′
, k
′′
x) = ±i
∫
dx
[
∂xφn(x)A˜n′+1(x) + ∂xφ˜n′+1(x)An(x)
+ik
′′
xφn(x)A˜n′+1(x) + ik
′′
xφ˜n′+1(x)An(x) + 2(qx)An(x)A˜n′+1(x)
]
e−ik
′′
x x
G˜
(1)i
3 (n, n
′
, k
′′
x) = i(ki − k′′i )
∫
dx
[
φn(x)Hn′ (x)e
−qx2/2
]
e−ik
′′
xx
for i = 2, 3
        
PSfrag replacements Φ31(m
′′
, k
′′
x ,k
′′
)
A˜
(1,2)
2,3 /A˜
(1,2)
1
A˜
(1,2)
2,3 /A˜
(1,2)
1
V˜
(1)ij
3
V˜
(1)ij
3 = −N
3/2
qg2
βG˜
(1)ij
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G˜
(1)11
3 (n, n
′
, k
′′
x) = −
∫
dx
[
∂xφ˜n+1(x)A˜n′+1(x) + ik
′′
x φ˜n+1(x)A˜n′+1(x)+
(qx)A˜n+1(x)A˜n′+1(x)
]
e−ik
′′
x x
G˜
(1)1i
3 (n, n
′
, k
′′
x) = ±i(ki − k′′i )
∫
dx
[
φ˜n+1(x)Hn′ (x)e
−qx2/2
]
e−ik
′′
xx
for i = 2, 3
G˜
(1)ij
3 (n, n
′
, k
′′
x) =
∫
dx
[
(qx)e−qx
2
Hn(x)Hn′ (x)
]
e−ik
′′
xx × δij
for i, j = 2, 3
We also have additional vertices V
(1)
4 with functions G
(1)
4 same as
G˜(1)ij for the Φ
(1,2)
I /Φ˜
(1,2)
I fields in place of A˜
(1,2)
2,3 fields.
We now compute the vertices involving the fermions. The relevant terms in the action that contains this
Φ31 field are
1
g2
tr
∫
d4z
(
λ¯I [α
1
IJΦ1, λJ ]
)
(E.207)
= − i
2g2
∫
d4z
(
λ¯11Φ
3
1λ
2
4 + λ¯
2
4Φ
3
1λ
1
1
)
+ · · ·
where the omitted terms correspond to the other three pairs (λ12, λ
2
3), (λ
1
3, λ
2
2), (λ
1
4, λ
2
1). The action can
be written in terms of momentum modes as
∑
m,m′ ,m′′
∑
n,n′
∫
d2k
(2π
√
q)2
d2k
′
(2π
√
q)2
d3k
′′
(2π
√
q)3
×
×
[
θ¯1(m,n,k)V
1
f (n, n
′
, k
′′
x)θ1(m
′
, n
′
,k
′
)Φ31(m
′′
, k
′′
) + θT1 γ
0(m,n,k)V 1
′
f (n, n
′
, k
′′
x)θ1(m
′
, n
′
,k
′
)Φ31(m
′′
, k
′′
)
+θ¯1(m
′
, n
′
,k
′
)V 1
′∗
f (n, n
′
, k
′′
x)θ
∗
1(m,n,k)Φ
3
1(m
′′
, k
′′
) + · · ·
]
(E.208)
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The required vertices are now identified as
        
PSfrag replacements Φ31(m
′′
, k
′′
)
θ¯1(m,n,k)
θ1(m
′
, n
′
,k
′
)
V 1f
V 1f = i
N
qg2
γ1G1f(n, n
′
, k
′′
x)(2pi)
2δ2(k− k′ − k′′)δm−m′−m′′
G1f(n, n
′
, k
′′
x) =
√
q
∫
dx (Ln′ (x)R
∗
n(x)−Rn′ (x)L∗n(x)) e−ik
′′
xx
        
PSfrag replacements
Φ31(m
′′
, k
′′
)
θT1 γ
0(m,n,k)
θ1(m
′
, n
′
,k
′
)
V 1
′
f
V 1
′
f = i
N
qg2
γ1G1
′
f (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G1
′
f (n, n
′
, k
′′
x) =
√
q
∫
dxRn(x)Ln′ (x)e
−ik′′xx
        
PSfrag replacements
Φ31(m
′′
, k
′′
)
θ¯1(m
′
, n
′
,k
′
)
θ∗1(m,n,k)
V 1
′∗
f
V 1
′∗
f = i
N
qg2
γ1G1
′∗
f (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′ − k′′)δm+m′−m′′
G1
′∗
f (n, n
′
, k
′′
x) =
√
q
∫
dxR∗n(x)L
∗
n′
(x)e−ik
′′
x x
E.2 Φ32 vertices
(There are five massless scalar fields corresponding to Φ32,3 and Φ˜
3
I , (I = 1, 2, 3). Due to an unbroken SO(5)
invariance in the theory the two point amplitudes for all these fields is same. We thus only consider the
vertices here for Φ32.) We first write down the vertices containing only bosonic fields.
PSfrag replacements
Φ
(1,2)/
I /Φ˜
(1,2)
I Φ
(1,2)
I /Φ˜
(1,2)
I
Φ32(m
′′
, n
′′
,k
′′
) Φ32(m˜
′′
, n˜
′′
, k˜
′′
)
V
(2)
1
V
(2)
1 = − N2qg2G(2)1 (n, n
′
, k
′′
x, k˜
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G
(2)
1 (n, n
′
, k
′′
x, k˜
′′
x) =
√
q
∫
dx[e−qx
2
Hn(x)Hn′ (x)]e
−(k′′x+k˜
′′
x )x
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PSfrag replacements
C/C
′
(m,n,k) C/C
′
(m
′
, n
′
,k
′
)
Φ32(m
′′
, n
′′
,k
′′
) Φ32(m˜
′′
, n˜
′′
, k˜
′′
)
V
(2)
2
V
(2)
2 = − N2qg2G(2)2 (n, n
′
, k
′′
x, k˜
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G
(2)
2 (n, n
′
, k
′′
x , k˜
′′
x) =
√
q
∫
dx[An(x)An′ (x) + φn(x)φn′ (x)]e
−(k′′x+k˜
′′
x )x
PSfrag replacements
A˜
(1,2)
2,,3 /A˜
(1,2)
1 A˜
(1,2)
2,,3 /A˜
(1,2)
1
Φ32(m
′′
, n
′′
,k
′′
) Φ32(m˜
′′
, n˜
′′
, k˜
′′
)
V˜
(2)ij
2
V˜
(2)ij
2 = − N2qg2 G˜(2)ij2 (n, n
′
, k
′′
x , k˜
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G˜
(2)11
2 (n, n
′
, k
′′
x , k˜
′′
x) = −√q
∫
dx[A˜n+1(x)A˜n′+1(x) + φ˜n+1(x)φ˜n′+1(x)]e
−(k′′x+k˜
′′
x )x
G˜
(2)ij
2 (n, n
′
, k
′′
x, k˜
′′
x) =
√
q
∫
dx[e−qx
2
Hn(x)Hn′ (x)]e
−(k′′x+k˜
′′
x )xδij for i, j = 2, 3
        
PSfrag replacements
Φ32(m
′′
, k
′′
x ,k
′′
)
Φ
(1,2)
2 (m,n,k)
C/C
′
(m
′
, n
′
,k
′
)
V
(2)
3
V
(2)
3 = −N
3/2
qg2
βG
(2)
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G
(2)
3 (n, n
′
, k
′′
x) =
∫
dx
[
∂x(e
−qx2/2Hn(x))An′ (x) + ik
′′
xHn(x)e
−qx2/2An′ (x)
−(qx)e−qx2/2Hn(x)φn′ (x)
]
e−ik
′′
xx
        
PSfrag replacements Φ
3
2(m
′′
, k
′′
x ,k
′′
)
Φ
(1,2)
2 (m,n,k)
A˜
(1,2)
2,3 /A˜
(1,2)
1
V˜
(2)i
3
V˜
(2)i
3 = −N
3/2
qg2
βG˜
(2)i
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G˜
(2)1
3 (n, n
′
, k
′′
x) = ±i
∫
dx
[
∂x(e
−qx2/2Hn(x))A˜n′+1(x)
+ik
′′
xe
−qx2/2Hn(x)A˜n′+1(x)− (qx)e−qx2/2Hn(x)φ˜n′+1(x)
]
e−ik
′′
x x
G˜
(2)i
3 (n, n
′
, k
′′
x) = i(ki − k′′i )
∫
dx
[
Hn(x)Hn′ (x)e
−qx2
]
e−ik
′′
x x
for i = 2, 3
We now compute the vertices consisting of the fermion fields. The relevant terms in the action that
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contain Φ32 field are
1
g2
tr
∫
d4z
(
λ¯I [α
2
IJΦ2, λJ ]
)
(E.209)
=
i
2g2
∫
d4z
[(
λ¯11Φ
3
2λ
2
3 + λ¯
2
3Φ
3
2λ
1
1
)− (λ¯12Φ32λ24 + λ¯24Φ32λ12)]+ · · ·
In the above expression the two terms correspond to the coupling between two sets of fermions (λ11, λ
2
4)
and (λ12, λ
2
3) the omitted terms similarly correspond to couplings between (λ
1
3, λ
2
2) and (λ
1
4, λ
2
1).
Inserting the corresponding mode expansions we get
∑
m,m′ ,m′′
∑
n,n′
∫
d2k
(2π
√
q)2
d2k
′
(2π
√
q)2
d3k
′′
(2π
√
q)3
× (E.210)
×
[
θ¯1(m,n,k)V
2
f (n, n
′
, k
′′
x)θ2(m
′
, n
′
,k
′
)Φ32(m
′′
, k
′′
) + θ¯2(m
′
, n
′
,k
′
)V 2∗f (n, n
′
, k
′′
x)θ1(m,n,k)Φ
3
2(m
′′
, k
′′
)
+θT1 γ
0(m,n,k)V 2
′
f (n, n
′
, k
′′
x)θ2(m
′
, n
′
,k
′
)Φ32(m
′′
, k
′′
) + θ¯1(m,n,k)V
2′∗
f (n, n
′
, k
′′
x)θ
∗
2(m
′
, n
′
,k
′
)Φ32(m
′′
, k
′′
) + · · ·
]
The required vertices are now identified as
        
PSfrag replacements Φ32(m
′′
, k
′′
)
θ¯1(m,n,k)
θ2(m
′
, n
′
,k
′
)
V 2f
V 2f = i
N
qg2
γ1G2f(n, n
′
, k
′′
x)(2pi)
2δ2(k− k′ − k′′)δm−m′−m′′
G2f(n, n
′
, k
′′
x) =
√
q
∫
dx (L∗n(x)Rn′ (x) +R
∗
n(x)Ln′ (x)) e
−ik′′xx
        
PSfrag replacements Φ32(m
′′
, k
′′
)
θ1(m,n,k)
θ¯2(m
′
, n
′
,k
′
)
V 2∗f
V 2∗f = −i Nqg2γ1G2∗f (n, n
′
, k
′′
x)(2pi)
2δ2(k− k′ + k′′)δm−m′+m′′
G2∗f (n, n
′
, k
′′
x) =
√
q
∫
dx
(
Ln(x)R
∗
n
′ (x) +Rn(x)L
∗
n
′ (x)
)
e−ik
′′
xx
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PSfrag replacements
Φ32(m
′′
, k
′′
)
θ1(m,n,k)
θT2 γ
0(m
′
, n
′
,k
′
)
V 2
′
f
V 2
′
f = −i Nqg2γ1G2
′
f (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G2
′
f (n, n
′
, k
′′
x) =
√
q
∫
dx (Ln(x)Rn′ (x) +Rn(x)Ln′ (x)) e
−ik′′x x
        
PSfrag replacements
Φ32(m
′′
, k
′′
)
θ¯1(m,n,k)
θ∗2(m
′
, n
′
,k
′
)
V 2
′∗
f
V 2
′∗
f = i
N
qg2
γ1G2
′∗
f (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′ − k′′)δm+m′−m′′
G2
′∗
f (n, n
′
, k
′′
x) =
√
q
∫
dx
(
L∗n(x)R
∗
n′
(x) +R∗n(x)L
∗
n′
(x)
)
e−ik
′′
xx
E.3 A3µ vertices
Vertices for A31 consisting of only bosons:
PSfrag replacements
Φ
(1,2)/
I /Φ˜
(1,2)
I Φ
(1,2)
I /Φ˜
(1,2)
I
A31(m
′′
, n
′′
,k
′′
) A31(m˜
′′
, n˜
′′
, k˜
′′
)
V
(A3
1
)
1
V
(A3
1
)
1 = − N2qg2G
(A3
1
)
1 (n, n
′
, k
′′
x , k˜
′′
x)(2pi)
2δ2(k + k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G
(A3
1
)
1 (n, n
′
, k
′′
x , k˜
′′
x) =
√
q
∫
dx[e−qx
2
Hn(x)Hn′ (x)]e
−(k′′x+k˜
′′
x )x
PSfrag replacements
C/C
′
(m,n,k) C/C
′
(m
′
, n
′
,k
′
)
A31(m
′′
, n
′′
,k
′′
) A31(m˜
′′
, n˜
′′
, k˜
′′
)
V
(A3
1
)
2
V
(A31)
2 = − N2qg2G
(A31)
2 (n, n
′
, k
′′
x , k˜
′′
x)(2pi)
2δ2(k + k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G
(A3
1
)
2 (n, n
′
, k
′′
x , k˜
′′
x) =
√
q
∫
dx[φn(x)φn′ (x)]e
−(k′′x+k˜
′′
x )x
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PSfrag replacements
A˜
(1,2)
2,,3 /A˜
(1,2)
1 A˜
(1,2)
2,,3 /A˜
(1,2)
1
A31(m
′′
, n
′′
,k
′′
) A31(m˜
′′
, n˜
′′
, k˜
′′
)
V˜
(A3
1
)ij
2
V˜
(A3
1
)ij
2 = − N2qg2 G˜
(A3
1
)ij
2 (n, n
′
, k
′′
x , k˜
′′
x)(2pi)
2δ2(k + k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G˜
(A3
1
)11
2 (n, n
′
, k
′′
x , k˜
′′
x) = −
√
q
∫
dx[φ˜n+1(x)φ˜n′+1(x)]e
−(k′′x+k˜
′′
x )x
G˜
(A31)ij
2 (n, n
′
, k
′′
x , k˜
′′
x) =
√
q
∫
dx[e−qx
2
Hn(x)Hn′ (x)]e
−(k′′x+k˜
′′
x )xδij for i, j = 2, 3
        
PSfrag replacements
A31(m
′′
, k
′′
x ,k
′′
)
C(m,n,k)
C
′
(m
′
, n
′
,k
′
)
V
(A31)
3
V
(A3
1
)
3 = −N
3/2
qg2
βG
(A3
1
)
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G
(A31)
3 (n, n
′
, k
′′
x) =
∫
dx [∂xφn′ (x)φn(x)− ∂xφn(x)φnn(x)
− (qx)An(x)φn′ (x) + (qx)φn(x)An′ (x)] e−ik
′′
x x
        
PSfrag replacements
A31(m
′′
, k
′′
x ,k
′′
)
C
′
(m,n,k)
A˜2i (m
′
, n
′
,k
′
)
V˜
(A3
1
)i
3
V˜
(A31)i
3 = −N
3/2
qg2
βG˜
(A31)i
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G˜
(A31)1
3 (n, n
′
, k
′′
x) = ±i
∫
dx
[
∂xφn(x)φ˜n′+1(x)− ∂xφ˜n′+1(x)φn(x)
+(qx)An(x)φ˜n′+1(x)− (qx)φn(x)A˜n′+1(x)
]
e−ik
′′
x x
G˜
(A3
1
)i
3 (n, n
′
, k
′′
x) = i(k
′′
i − ki)
∫
dx
[
An(x)Hn′ (x)e
−qx2/2
]
e−ik
′′
x x
for i = 2, 3
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PSfrag replacements
A31(m
′′
, k
′′
x ,k
′′
)
A˜1i (m,n,k)
A˜2i (m
′
, n
′
,k
′
)
V˜
(A3
1
)ij
3
V˜
(A3
1
)ij
3 = −N
3/2
qg2
βG˜
(A3
1
)ij
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G˜
(A31)11
3 (n, n
′
, k
′′
x) =
∫
dx
[
∂xφ˜n+1(x)φ˜n′+1(x)− ∂xφ˜n′+1(x)φ˜n+1(x)
+(qx)A˜n+1(x)φ˜n′+1(x)− (qx)φ˜n+1(x)A˜n′+1(x)
]
e−ik
′′
x x
G˜
(A3
1
)1i
3 (n, n
′
, k
′′
x) = (k
′′
i − ki)
∫
dx
[
A˜n+1(x)Hn′ (x)e
−qx2/2
]
e−ik
′′
xx
for i = 2, 3
G˜
(A3
1
)ij
3 (n, n
′
, k
′′
x) =
∫
dx
[
∂x(e
−qx2/2Hn′ (x)Hn(x)e
−qx2/2−
∂x(e
−qx2/2Hn(x)Hn′ (x)e
−qx2/2
]
e−ik
′′
x x × δij
for i, j = 2, 3
We also have additional vertices V
(A3
1
)
4 with functions G
(A3
1
)
4 same as
G˜(A
3
1)ij for the Φ
(1,2)
I /Φ˜
(1,2)
I fields in place of A˜
(1,2)
2,3 fields.
Vertices for A32 consisting of only bosons:
PSfrag replacements
Φ
(1,2)/
I /Φ˜
(1,2)
I Φ
(1,2)
I /Φ˜
(1,2)
I
A32(m
′′
, n
′′
,k
′′
) A32(m˜
′′
, n˜
′′
, k˜
′′
)
V
(A3
2
)
1
V
(A32)
1 = − N2qg2G
(A32)
1 (n, n
′
, k
′′
x , k˜
′′
x)(2pi)
2δ2(k + k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G
(A32)
1 (n, n
′
, k
′′
x , k˜
′′
x) =
√
q
∫
dx[e−qx
2
Hn(x)Hn′ (x)]e
−(k′′x+k˜
′′
x )x
PSfrag replacements
C/C
′
(m,n,k) C/C
′
(m
′
, n
′
,k
′
)
A32(m
′′
, n
′′
,k
′′
) A32(m˜
′′
, n˜
′′
, k˜
′′
)
V
(A32)
2
V
(A3
2
)
2 = − N2qg2G
(A3
2
)
2 (n, n
′
, k
′′
x , k˜
′′
x)(2pi)
2δ2(k + k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G
(A3
2
)
2 (n, n
′
, k
′′
x, k˜
′′
x) =
√
q
∫
dx[An(x)An′ (x) + φn(x)φn′ (x)]e
−(k′′x+k˜
′′
x )x
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PSfrag replacements
A˜
(1,2)
2,,3 /A˜
(1,2)
1 A˜
(1,2)
2,,3 /A˜
(1,2)
1
A32(m
′′
, n
′′
,k
′′
) A32(m˜
′′
, n˜
′′
, k˜
′′
)
V˜
(A3
2
)ij
2
V˜
(A3
2
)ij
2 = − N2qg2 G˜
(A3
2
)ij
2 (n, n
′
, k
′′
x, k˜
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
+ k˜
′′
)δm+m′+m′′+m˜′′
G˜
(A3
2
)11
2 (n, n
′
, k
′′
x , k˜
′′
x) = −
√
q
∫
dx[A˜n+1(x)A˜n′+1(x) + φ˜n+1(x)φ˜n′+1(x)]e
−(k′′x+k˜
′′
x )x
G˜
(A31)ij
2 (n, n
′
, k
′′
x, k˜
′′
x) =
√
q
∫
dx[e−qx
2
Hn(x)Hn′ (x)]e
−(k′′x+k˜
′′
x )xδij for i, j = 2, 3
        
PSfrag replacements
A32(m
′′
, k
′′
x ,k
′′
)
C(m,n,k)
C
′
(m
′
, n
′
,k
′
)
V
(A32)
3
V
(A3
2
)
3 = −N
3/2
qg2
βG
(A3
2
)
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G
(A3
2
)
3 (n, n
′
, k
′′
x) = i(k
′
2 − k2)
∫
dx [An(x)An′ (x) + φn(x)φn′ (x)] e
−ik′′xx
        
PSfrag replacements A
3
2(m
′′
, k
′′
x ,k
′′
)
A˜21,2(m,n,k)
C
′
(m
′
, n
′
,k
′
)
V˜
(A3
2
)i
3
V˜
(A32)i
3 = −N
3/2
qg2
βG˜
(A32)i
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k + k
′
+ k
′′
)δm+m′+m′′
G˜
(A32)1
3 (n, n
′
, k
′′
x) = (k2 − k′2)
∫
dx
[
A˜n+1(x)An′ (x) + φ˜n+1(x)φn′ (x)
]
×e−ik′′x x
G˜
(A3
2
)2
3 (n, n
′
, k
′′
x =
∫
dx
[
∂x(e
−qx2/2Hn(x))An′ (x)
+ik
′′
xAn′ (x)e
−qx2/2Hn(x)− (qx)e−qx2/2Hn(x)φn′ (x)
]
e−ik
′′
xx
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1
)ij
3
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(A3
2
)ij
3 = −N
3/2
qg2
βG˜
(A3
2
)ij
3 (n, n
′
, k
′′
x)(2pi)
2δ2(k+ k
′
+ k
′′
)δm+m′+m′′
G˜
(A32)11
3 (n, n
′
, k
′′
x) = i(k
′
2 − k2)
∫
dx
[
A˜n+1(x)An′+1(x) + φ˜n+1(x)φn′+1(x)
]
×e−ik′′xx
G˜
(A3
2
)12
3 (n, n
′
, k
′′
x) = i
∫
dx
[
∂x(e
−qx2/2Hn(x))A˜n′+1(x)
+ik
′′
xA˜n′+1(x)e
−qx2/2Hn(x)− (qx)e−qx2/2Hn(x)φ˜n′+1(x)
]
e−ik
′′
xx
G˜
(A3
2
)32
3 (n, n
′
, k
′′
x) = i(k
′
3 − k′′3 )
∫
dx
[
e−qx
2
Hn(x)Hn′ (x)
]
e−ik
′′
xx
G˜
(A3
2
)23
3 (n, n
′
, k
′′
x) = i(k
′′
3 − k′3)
∫
dx
[
e−qx
2
Hn(x)Hn′ (x)
]
e−ik
′′
xx
G˜
(A32)33
3 (n, n
′
, k
′′
x) = i(k
′
2 − k2)
∫
dx
[
e−qx
2
Hn(x)Hn′ (x)
]
e−ik
′′
x x
For other values of (i, j), G˜
(A3
2
)ij
3 = 0
We also have additional vertices V
(A32)
4 with functions G
(A32)
4 same as
G˜
(A3
2
)33
3 for the Φ
(1,2)
I /Φ˜
(1,2)
I fields in place of A˜
1,2
3 fields.
Vertices for A3µ involving fermions:
The relevant terms in the action that contain A3µ field are
1
g2
tr
∫
d4z
(
λ¯Iγ
µ[Aµ, λI ]
)
(E.211)
=
i
2g2
∫
d4z
[
λ¯2Iγ
µA3µλ
1
I − λ¯1IγµA3µλ2I
]
+ · · ·
For I = 1 and I = 4, the coupled sets of fermions are (λ11, λ
2
4) and (λ
1
4, λ
2
1). Similarly for I = 2 and
I = 3, the other two sets namely (λ12, λ
2
3) and (λ
1
3, λ
2
2) are coupled to each other.
In the following we evaluate the vertices involving I = 1 and I = 4. The corresponding vertices for I = 2
and I = 3 are similar to these. Putting in the mode expansions we get
∑
m,m′ ,m′′
∑
n,n′
∫
d2k
(2π
√
q)2
d2k
′
(2π
√
q)2
d3k
′′
(2π
√
q)3
× (E.212)
×
[
θ¯1(m,n,k)V
µ
f (n, n
′
, k
′′
x)θ4(m
′
, n
′
,k
′
)A3µ(m
′′
, k
′′
) + θ¯4(m
′
, n
′
,k
′
)V µ∗f (n, n
′
, k
′′
x)θ1(m,n,k)A
3
µ(m
′′
, k
′′
)
+θT1 γ
0(m,n,k)V
′µ
f (n, n
′
, k
′′
x)θ4(m
′
, n
′
,k
′
)A3µ(m
′′
, k
′′
) + θ¯1(m,n,k)V
′µ∗
f (n, n
′
, k
′′
x)θ
∗
4(m
′
, n
′
,k
′
)A3µ(m
′′
, k
′′
) + · · ·
]
Defining (−1)µ = +1 for µ = 2, 3 and (−1)µ = −1 for µ = 1, the vertices are written down below.
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